






EXECUTIVE SUMMARY

ENHANCED TREATMENT SELECTION FOR
REFLECTIVE JOINT CRACKING IN

COMPOSITE PAVEMENTS

Introduction

Composite pavements are currently the most prevalent type of

pavement on the highway system administered by the Indiana

Department of Transportation (INDOT), mainly due to the fact

that about 60% of all rehabilitated pavement projects are

composite pavements.

The correct type of treatment for reflective cracking in composite

pavements is commonly determined by a visual inspection of the crack

on asphalt overlay, although it should be selected based on the

condition of the concrete underneath because it is difficult to

determine the condition of the concrete joints or cracks by only

examining the surface distresses of the asphalt overlay. Due to this

uncertainty, many good concrete pavements have been unnecessarily

replaced as field engineers decided on full-depth patching, and this had

been leading INDOT’s dissipation of costs, materials, and manpower.

This research, therefore, was necessary to enhance identification

of the condition of the underlying concrete joints by looking at the

surface distresses of the asphalt pavements and to develop a

decision-making process to enhance treatment selection for joint

cracking in composite pavements. The main objectives of this

research are to fulfill these research needs and to develop a

guideline that can assist INDOT with evaluating reflective cracks

and disseminating the findings of this research to its districts.

There are three different types of concrete pavements that

commonly construct composite pavements: (1) jointed reinforced

concrete pavement (JRCP), (2) jointed plain concrete pavement

(JPCP), and (3) continuously reinforced concrete pavement

(CRCP). The project scope included only the JPCP type, and

the JRCP type was supplemented in May 2014.

The Purdue research team, with the help of the INDOT Study

Advisory Committee (SAC), began Phase II of the study in January

of 2013. Phase II mainly consists of collecting and analyzing sample

data of reflective cracks from northern and southern Indiana and

developing a decision-making tool to meet the research objectives.

There are four steps in data collection process: (1) visual inspection

of asphalt overlay, (2) Falling Weight Deflectometer (FWD) tests

on reflective cracks, (3) coring tests on each cracks, and (4) visual

inspection of exposed concrete. Therefore, the team should be able

to check the condition of corresponded concrete cracks as well as

asphalt cracks to complete sample data collection.

This research provides a field pocket book and a computer

application to help field engineers organize their data collection

procedures and increase their access to the sample data in the

database. These project deliverables are expected to provide better

visualization tools to compare cracks needing treatment to

existing sample data.

Findings

Based on the analyzed results from the four-step data collection

processes, this report documents the results of Phase II, which

includes a summary of the study’s major findings from the

literature review, data collection and analysis, and the decision-

making guidelines.

Visual inspections of reflective cracks on the pavement surface

and the exposed concrete pavement are the first and the last steps

of the data collection procedure. Based on the 2010 PCR Data

Collection Manual, the visual inspection of reflective cracks was

classified into three levels of severity (low, moderate, and high)

and extent (few, several, and many).

N Based on the data collected from I-69 in Fort Wayne, a trend

was revealed that the severity level of an asphalt crack was

closely correlated to the severity level of the exposed concrete

crack underneath the asphalt layer. Correlations between

asphalt and concrete crack severity levels were as follows:

85% of high-severity asphalt cracks were located over high-

severity concrete cracks; 60% of moderate-severity asphalt

cracks were located over moderate concrete cracks; and 75%

of low-severity asphalt cracks were located over low-severity

concrete cracks.

N In terms of the distribution of joint cracks and mid-panel

cracks at the I-69 site, 33 cracks were at the joint and the

remaining 27 were at the mid-panel, and 55% of the cracks

were located over joints whereas 45% of the cracks were

located over mid-panel distresses in the concrete pavement.

All the low-severity cracks were located over joints.

Moreover, 65% of the moderate-severity cracks and 70%

of the high-severity cracks were located over mid-panel

distresses in the concrete pavement.

N FWD testing was conducted over the reflective cracks, and

seven variables from the FWD results, along with the visual

inspection results of the reflective cracks in the asphalt overlay,

were statistically analyzed. As a result, this study found that

the visual inspection of the asphalt was strongly correlated to

the visual inspection of the concrete, as R2 was equal to 0.6923.

The FWD tests were conducted twice, at the middle and wheel

paths. The seven variables indicated that the cracks were more

severe at the wheel path than at the middle path.

N This study found that core testing when it is performed in the

proper location can be a very useful step in assessing the

condition of cracks in the exposed concrete without

completely milling the surface asphalt overlay.

N The decision-making tool determines four different treat-

ment suggestions based on four criteria: (1) severity level of

the asphalt and concrete cracks from the visual inspection,

(2) deflection 1 (D1) value, (3) load transfer efficiency (LTE)

value, and (4) resilient modulus (Mr) value from the FWD

testing. These criteria were particularly selected to develop

the decision-making tool not only because they confirm a

statistical correlation between the asphalt crack severity and

the concrete crack severity but also because these values were

recommended by INDOT engineers.

N This research found that if field engineers make decisions by

only considering visual inspection of asphalt overlay, they have

a 73.33% chance (with assumption 1) and a 63.33% chance

(with assumption 2) to make a correct decision based on the

collected sample data. However, these chances would increase

to 79.83% (with assumption 1) and 73.28% (with assumption 2)

if field engineers use the proposed decision-making tool to

make their decisions. (ASSUMPTION 1: low- and moderate-

severity concrete cracks need partial-depth patching, and high-

severity concrete cracks need full-depth patching.

ASSUMPTION 2: same crack treatments for low-severity

concrete cracks need partial-depth patching, and moderate-

and high-severity concrete cracks need full-depth patching.)

N This study found that based on the visual inspection of the

exposed concrete, full-depth patching was not always needed

for every high-severity concrete crack. Treatment methods

for different levels of concrete crack severity should be

defined in further research projects.



Implementation

Although this study attempted to consider various factors and

criteria for the decision-making tool, standardized results could

not be provided in this report as it is realistically difficult to infer

the condition of the concrete joints and cracks underneath an

asphalt layer with 100% accuracy. Furthermore, only selected

variables were used in this study to analyze the correlations

between the severity levels of asphalt cracks and concrete cracks.

For more accurate analysis, more variables need to be considered.

Furthermore, the decision-making tool proposed by this study

employs the sample data that is already stored in the database to

suggest crack treatments. Therefore, to obtain more reliable

results with this tool, adding to the number of sample data is

critical. This study therefore suggests conducting additional field

evaluations (four steps) to add more sample data to the database

to enhance the decision-making tool’s suggestions.

This study also provides a database, a computer application,

and a pocket book for INDOT field engineers. The database and

the computer application will be helpful when organizing the

collected data and will increase field engineers’ access to the

sample data, improving the analysis process by providing better

visualization tools. Employing the pocket book will be useful

when field engineers are making preliminary decisions on

reflective crack treatments.

This study can be utilized to quickly estimate the condition of

the concrete joint underneath the asphalt layer with a defined

selection of factors and criteria required. Although the decision-

making tool’s usability is practical, its reliability remains

uncertain. Therefore, the results and suggestions made by this

study should mainly be implemented as an academic consultation

and preliminary implementation, rather than as a definitive

decision. If the crack treatments suggested by the decision-making

tool in this study were to be used as final decision, it is

recommended to have additional information, such as pavement

history and maintenance records, before implementing the

suggested treatment decision.
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1. INTRODUCTION

1.1 Background and Problem Statement

Asphalt, concrete, and composite pavements are the
commonly used pavement structures types. Currently,
composite pavements are the prevalent type in the net-
work administered by the Indiana Department of Trans-
portation (INDOT; composite: 59%, asphalt: 25%,
and concrete: 10%) as a result of many rehabilitation
projects to repair deteriorated concrete pavements as
well as widening projects of existing pavements over the
years (Fang, Galal, Ward, & Haddock, 2003; INDOT,
2011).

Composite pavements are comprised of two or more
layers, which combine different pavement types and
characteristics that act as one composite material (see
Figure 1.1; Flintsch, Diefenderfer, & Nunez, 2008; Smith,
1963). Composite pavements are inherently more vulner-
able to distresses such as cracking, distortion, and disin-
tegration, and transverse cracks are the most common
distress exhibited.

Transverse cracks are the direct cause of pavement
roughness and can occur on a variety of pavements
(e.g., concrete, asphalt concrete, and composites). The
main causes of transverse cracks vary depending on the
pavement type. For example, transverse cracks in
asphalt pavements are a type of thermal cracking; but
in composite pavements, transverse cracks usually
occur over the joints in concrete pavements underneath
the asphalt concrete overlay, which are specifically
called reflective cracking (see Figure 1.2; Smith, 1963).

The correct type of treatment for reflective cracking
in composite pavements should be selected based on the
condition of the concrete joint. However, it is difficult
to determine the condition of a concrete joint by
examining the surface distresses of the asphalt overlay.

Field engineers typically identify the structural
condition of cracks by two methods: (1) laboratory
testing and (2) visual inspection with non-destructive
in-situ testing such as the Falling Weight Deflectometer
(FWD). The FWD is a device that can measure the
deflection of a pavement surface by basically dropping
a weight to generate a load pulse on a pavement surface
to simulate the influence of a fast-moving vehicle on a
pavement. The FWD load pulse causes instant measur-
able deformations in a pavement, making it possible to
estimate the stiffness of the pavement’s surface layer as

well as its sub-layers if the thickness of the individual
layers is also known.

The FWD is a useful tool, but its use is limited by the
number of joints that can be tested in a timely manner.
Extended FWD testing requires an extend period of
time, which raises cost and traffic safety issues. The alter-
native method, subjective examination of the asphalt
pavement surface, remains difficult for determining with
any certainty if an underlying joint should be repaired
with a full-depth patch or can be repaired from the top
of the concrete upward with a partial-depth patch. For
example, INDOT is using FWD testing to determine the
undersealing and patching needs at approximately
300-foot intervals while the joint spacing is between
15 to 20 feet (or 20 to 40 feet for old pavement). INDOT
treats all the joints that fall within these 300-foot sections
based on the FWD results, assuming that their condi-
tions are the same as the joints tested by the FWD. Even
when an engineer conducts FWD test exactly on top of a
crack on the asphalt overlay, the test results are still not
able to guarantee the anticipated crack conditions on
both asphalt and concrete pavement with certainty.

Due to the lack of a reliable decision-making process
based on visual inspection of reflective cracks with
limited FWD tests, INDOT therefore necessarily makes
its decisions for patching (e.g., full depth, partial depth,
and shallow depth) and undersealing for treating reflec-
tive cracks in composite pavements based on limited
information. Maintaining traffic flow and safety also can
make joint removal and replacement expensive and is
especially cumbersome on two-lane rural sections of
roadway having poor detour options. As a result, full-
depth patching may be performed on reasonably good
pavement joints based on the limited FWD information.

1.2 Research Needs

To overcome the problems described in the previous
section, this study sought to fulfill the following
INDOT needs:

N Enhancement of the identification process to determine
the condition of the underlying concrete joints by
examining the surface distresses of the asphalt overlay.

N Development of a decision-making process to enhance
treatment selection for reflective joint cracking in
composite pavements.

To achieve the above mentioned research needs, the
required research tasks were conducted in two phases:
Phase I and Phase II as shown in Figure 1.3.

Phase I of this study accomplished the following:
(1) reviewed the available literature concerning reflective
cracks and treatment types, (2) distributed a survey ques-
tionnaire to other state DOTs, (3) conducted telephone
interviews, and (4) analyzed the collected data. The main
goal of Phase I was to study how other state DOTs are
making decisions regarding the selection of reflective crack
treatment types. It was concluded from Phase I that other
state DOTs do not have a suitable decision-making tool
for the selection of reflective crack treatment types, which

Figure 1.1 Example of layers in composite pavement
(CTS, 2013).
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confirms the need to develop a tool for this purpose. Based
on this conclusion, a Phase II study was proposed that
included conducting field testing and developing a decision-
making tool for INDOT.

1.3 Phase II Study Work Objectives and Scope

Based on the Phase I findings, it was concluded that
other state DOTs find it difficult to evaluate reflective
cracks in composite pavements in order to select correct
treatment types with more certainty for the following
two main reasons:

N State DOTs have common inherent limitations in the

evaluation of the correct condition of reflective cracks as

they depend on the data obtained from only visual

inspection due to the efficiency and cost constraints of

coring and non-destructive testing methods (e.g., FWD,

Rolling Dynamic Deflectometer (RDD), and Ground

Penetrating Radar (GPR)).

N There is currently no systematic approach to determining the

suitable treatment for reflective cracks which considers all

the factors and constraints, such as the physical condition of

reflective cracks, the pavement age, and the treatment costs.

As a result, many state DOTs depend on the
engineering judgment of field engineers. However, the
representatives of six state DOTs chosen for telephone
interviews with the Purdue research team all agreed that
a systematic decision-making process combined with
engineering judgment is essential for effectively mana-
ging reflective cracks. Therefore, the objectives of Phase
II study were determined to be the following:

N Enhancement of the identification process to determine

the condition of the underlying concrete joints by

examining the surface distresses of the asphalt overlay.

N Development of a decision-making process to enhance

treatment selection for reflective joint cracking in com-

posite pavements.

N Development of a guideline that can assist INDOT in the

evaluation of reflective cracks and subsequently make

more informed decisions about treatment methods to con-

trol them.

N Dissemination of the findings of this research project to

the INDOT Districts.

There are three different types of composite pave-
ments, depending on the concrete pavement underneath
the overlay: (1) jointed reinforced concrete pavement
(JRCP), (2) jointed plain concrete pavement (JPCP), and
(3) continuously reinforced concrete pavement (CRCP).
The original project scope of Phase II focused on the
JPCP pavement type only and included collecting and
analyzing data and developing decision-making guide-
lines, tools, as well as a graphic user interface (GUI)
application for INDOT field engineers. The approved
duration of the study was one year and four months,
including a four-month INDOT review period.

Figure 1.2 Reflective cracking at joints (Miller & Bellinger, 2003).

Phase-I

• Literature Review
• Survey
• Phone Interviews
• Data Analysis

Phase-II

• Field Testing
• Data Analysis
• Decision Making Tool

Figure 1.3 Research tasks in two phases.
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However, Phase II received a time extension for an
additional one year and four months, which started in
May 2014, due to changes in the project scope and data
collection difficulties. The extended Phase II project
scope included not only JPCP but also JRCP, but
CRCP was consistently excluded from the project
scope. The original project tasks of Phase II (data
collection, data analysis, and decision-making guide-
lines) thus were completed during the time extension.

1.4 Report Organization

This report consists of six chapters. Chapter 1 presents
the research background and problem statements
followed by the research needs, scope, and objectives.
Chapter 2 summarizes the literature review conducted
in Phase I and Phase II of the study, which included
the existing information about concrete pavements, the
material properties of composite pavements, and the
existing decision tree methods to select treatment types.
Chapter 3 describes the data samples that were collected
and the methods used in the field, which included visual
inspection of asphalt overlay, FWD tests, coring, and
visual inspection of exposed concrete pavement. In
Chapter 4, the data collected (60 samples for interstate
highways and 70 for U.S. highways) from I-69 in Fort
Wayne and US-41 in Evansville, respectively, are ana-
lyzed separately. Chapter 5 explains the framework and
algorithm of the decision-making tool, including the
database and computer application developed for its use.
Chapter 6 concludes the report with a summary of the
key results of Phase II and the study’s limitations and
recommendations for future research.

2. LITERATURE REVIEW

2.1 Introduction

As composite pavements are currently proving that
they can provide a cost-effective pavement system for
heavy traffic volumes, many deteriorated rigid pave-
ments are being rehabilitated by placing a thin, flexible
layer over the existing concrete slabs. However, trans-
portation agencies also encounter reflective cracking in
the top layer due to the different material characteristics
of asphalt and concrete as well as movement of the
concrete joints underneath. The propagation rate of
reflective cracking originating from the joints is one inch
per year (Chaignon & Thompson, 2006); and reflective
cracks on the surface provide a passage for water to
penetrate the underlying layers, resulting in weakening
the pavement structure and thereby accelerating the
structural damage (Von Quintus, Mallela, Weiss, Shen,
& Lytton, 2009).

The best method to control reflective cracking is to
perform regular appropriate preventative actions at
the early development stage of cracking in the surface
layer. Unfortunately, budget limitations can delay these
actions until after the underlying concrete slabs already
have been exposed to possible structural damage. As a
result, transportation agencies face challenges in their

determination of the appropriate treatment actions for
reflective cracks. Given the current problem of reflective
cracking, this study is designed to develop a decision-
making process that assists transportation agencies in
planning a strategy to select the correct treatment for
reflective cracks.

There were two phases to this study: Phase I, a
comprehensive literature review and a survey of other
state DOTs and Phase II, development of a decision-
making process for INDOT. The literature review
focused on understanding the types of concrete pave-
ment commonly used for highways, the material proper-
ties of composite pavements, and the decision-making
rules utilized to select treatment types for reflective
cracks. The findings of the literature review are presented
in the next section.

2.2 Overview of Phase I Study

2.2.1 Introduction

Due to the lack of a reliable decision-making process
based on visual inspection, INDOT generally relies on
patching (e.g., full-depth, partial-depth, and shallow-
depth patching) and undersealing to treat reflective
cracks in composite pavements. However, full-depth
patching often is performed on reasonably good
pavement joints because of limited FWD testing, which
is then hampered by budget limitations that restrict the
patching of too many joints. Maintaining traffic flow
during a repair can make joint removal and replace-
ment of joints expensive and is especially cumbersome
on two-lane rural sections of roadway having poor
detour options. Therefore, it is essential for INDOT to
(1) enhance identification of the condition of the
underlying concrete joints by looking at the surface
distresses of the asphalt overlay and (2) develop a
decision-making process to enhance treatment selection
for reflective joint cracking in composite pavements.

Based on these research needs, the INDOT Study
Advisory Committee (SAC) and Purdue research team
developed a work plan, consisting of two phases as
shown in Figure 2.1. Phase I was designed to conduct a
comprehensive literature review and a nationwide survey
with other state DOTs. On the basis of the analysis
results of the data collected in Phase I, Phase II of the
research for future implementation consisted of field
evaluation and development of a method/tool to enhance
the treatment selection for reflective joint cracks.

2.2.2 Scope and Objectives of Phase I

The primary objectives of Phase I were as follows:

N Collect information about existing reflective crack treatment
techniques.

N Identify the testing methods utilized by state DOTs to
investigate and control reflective cracks.

N Investigate treatment selection methods that consider a
variety of factors/constraints, such as the severity of the
identified reflective joint cracking.
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2.2.3 Phase I Survey and Phone Interview Results

Based on extensive literature review, the research
team developed survey questions (see Appendix A)
under the SAC guidance and distributed the survey to
state DOTs for their feedback. The survey consisted of
one question regarding contact information and six
questions that addressed the testing methods they used
to evaluate reflective cracks, their decision-making
process to select the type of treatment, etc.

A total of 25 state DOTs participated in the survey.
However, the information from only 19 state DOTs
(MT, ME, FL, SC, WY, PA, TX, MO, CT, IL, VT,
UT, MI, AR, MS, OR, MN, OH, and IN) was found to
be suitable for the data analysis process.

In addition, the research team selected state DOTs for
telephone interviews to obtain more detailed information
about (1) their procedures to determine the condition of
joints due to reflective cracks as well as (2) in selecting
appropriate treatment methods based on the evaluated
reflective joint cracks. The SAC and the Purdue research
team selected 12 state DOTs, but only six (MN, PA, TX,
MI, OH, and UT) accepted our interview request. The
interviews consisted of 12 questions in four categories,
which are listed in Appendix B.

The information thus obtained was analyzed and is
documented in the project report. The summary
findings are as follows.

A. Treatment types. As shown in Figure 2.2, the
treatment types were categorized into four groups:
(1) treatments to mitigate/prevent reflective cracks at
joints, (2) treatments to repair the reflective cracks at
joints, (3) treatments to mitigate/prevent reflective cracks

over pavement surfaces, and (4) treatments to repair
reflective cracks over pavement surfaces. In particular, the
treatment types for the whole surface were explored for
asphalt overlays in severe condition that developed not
only reflective cracks but also other types of cracks (e.g.,
transverse cracks, longitudinal cracks, map cracks, etc.)
over the entire asphalt surface. How the decision-making
process for selection of appropriate treatment types is
affected by several factors/constraints, such as extent and
severity of reflective cracks, importance of facilities (i.e.,
functional classification of roads), thickness of overlay
courses, treatment costs, crack sources (i.e., from surface
or concrete), available funding, design life, age of con-
cretes, traffic volume, and constructability was also
investigated.

B. Evaluation methods of reflective cracks. The
predominant method for all state DOTs to evaluate
the reflective cracks at joints is visual inspection. Many
state DOTs also consider coring and non-destructive
testing (mostly FWD) for more accurate determination
of the underlying concrete surface condition. However,
those methods are not frequently used due to the same
efficiency and cost constraints INDOT faces.

C. Factors/constraints to determine treatment types.
One of the most useful questions in the survey pertained
to the factors/constraints that state DOTs consider to
refine their decisions on the appropriate treatment type.
A total of 16 state DOTs (84.2%) indicated the factors/
constraints they use to manage the reflective cracks in
their pavement systems. As shown in Table 2.1, various
factors/constraints were identified. Although there are
no specified standard rules, many state DOTs have
developed various factors/constraints based on their
experience in pavement management and policies.
Nevertheless, the research team found a few common
factors/constraints that are preferred by many state
DOTs: the physical condition of reflective cracks based
on their extent and/or severity, the treatment costs, and
funding availability.

D. Decision-making methods to select treatment types.
Out of 19 responses, 14 state DOTs (73.4%) indicated

Phase-I 
(Completed)

• Literature review and survey of other state DOTs

Phase-II     
(In Progress)

• Field evaluation
• Development of a decision-making tool

Figure 2.1 Research implementation plans.

Figure 2.2 Classification of treatment types for reflective cracks.
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that they depend on either engineering judgment,
decision trees, or life-cycle cost analysis to decide the
treatment types for reflective cracking. As shown in the
pie chart in Figure 2.3, the most often used decision-
making method is engineering judgment for 10 state
DOTs (SC, WY, PA, TX, IL, VT, UT, MI, OH, and
IN: 52.7%), followed by decision trees (MS and MN:
10.5%) and life-cycle cost analysis (OR and CT: 10.5%).
Engineering judgment utilizes distress data obtained by
visual inspection to judge appropriate treatment types
on the basis of the past experience of local field
engineers.

2.3 Types of Concrete Pavements

Portland cement concrete is one of the most common
material used for major highway pavements, mainly
due to its lower construction cost and ready availability
(Fwa & Liu, 2006). The design life of a concrete pavement

ranges from 30 to 40 years, depending on the duration of
repeated traffic loadings and thermal stresses during its
service life. The thermal stresses caused by temperature
changes, in particular, are a major design concern of
concrete pavements having relatively low tensile strength.
Failing to control the thermal stresses in the design phase
results in the development of cracks in concrete pavements
and thereby reduces their design life. Therefore, careful
design of the appropriate concrete slab panel dimensions
to control crack development is required.

There are generally three main conventional types
of concrete pavements, depending on the joint spacing
and percent of steel reinforcement used: (1) jointed plain
concrete pavement (JPCP), (2) jointed reinforced con-
crete pavement (JRCP), and (3) continuously reinforced
concrete pavement (CRCP; Delatte, 2008). JPCP is the
most common type used for highway construction.
There are other types of concrete pavements as well,
which use pre-stressed and precast, roller compacted, or
porous concrete. However, these types of concrete
pavements are used infrequently and often for special-
ized purposes. Therefore, this section discusses the three
conventional types of concrete pavements.

2.3.1 Jointed Plain Concrete Pavement (JPCP)

JPCP includes no reinforced concrete slabs in its
design, but it does require transverse joints (or con-
traction joints) and longitudinal joints to control cracks
(see Figure 2.4; Fwa & Liu, 2006; Vijay, Hota, & Li,
2009). The spacing of the transverse joints is dependent on
the temperature and moisture stresses; and although
JPCP can be appropriate at spacing up to 30ft, the

TABLE 2.1
Factors/Constraints for the Selection of Reflective Crack Treatments.

State DOT Factors/constraints to determine treatment types

Montana
Extent of cracks (more than 10% - crack seat and overlay; otherwise, dowel bar retrofit, patching, followed by diamond

grinding)

Maine —

Florida —

South Carolina Crack severity, importance of facility, thickness of overlay courses, cost, crack source (e.g., HMA or PCC)

Wyoming Available funding, design life, grade constraints, and roadway geometry

Pennsylvania
Severity of the cracking, age of concrete, traffic volume, cost of treatment, condition of the sub-base, geotechnical

make-up of the soil, fiscal constraints

Texas Total strategy cost, performance, secondary benefits (waterproofing with geosynthetics), level of effort

Missouri Condition of underlying concrete

Connecticut
Project quantity and impact on project constructability, cost, check roughness change, crack severity, other distresses

(e.g., spalling, multiple cracks, etc.)

Illinois Funding available

Vermont Constructability, cost

Utah Budget, impacts to traffic, severity of the cracking

Michigan Available budget

Arkansas Pavement condition, traffic, cost

Mississippi Age of pavement, type of pavement, traffic conditions-volumes, truck load, weather conditions

Oregon Structural design, evaluation of crack propagation until the next cycle

Indiana Condition of the existing pavement, both HMA and concrete, depth of HMA overlay, traffic volumes

Minnesota —

Ohio
Depth of existing overlay, extent and severity of cracks, load transfer and joint support ratio (measure of joint’s

effectiveness)

Figure 2.3 Decision-making methods to select treatment
types.
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recommended spacing is not more than 20ft and typically
15ft. As the JPCP structure is exposed to live loads caused
by moving traffic, it is important to adequately transfer
the traffic loads across the transverse joints in order to
prevent faulting, pumping, and corner cracks. For load
transfer, JPCP uses aggregate interlock or dowel bars
(which are more appropriate for pavements that carry
heavy vehicle traffic; Delate, 2008). Also, tie bars made of
deformed reinforcing steel are used at longitudinal joints.
Compared to the other two types of concrete pavements
JPCP is the least expensive construction method because
steel reinforcements are not required.

2.3.2 Jointed Reinforced Concrete Pavement (JRCP)

JRCP contains reinforcements, which can be either
individual reinforcing steel bars or wire fabrics and
meshes in the concrete slabs to manage temperature
and moisture stresses at transverse joints (see
Figure 2.5; Delatte, 2008). Using reinforcements allows
the spacing between two adjacent transverse joints to be
up to 50ft , 80ft, which is more than the allowed JPCP
spacing. Dowel bars are also required to transfer traffic
loads across transverse joints. Tie bars are used at
longitudinal joints to mainly hold the faces of the
adjoining slabs, although they provide a minimal
amount of load transfer (AASHTO, 1993). Faulting is
not a problem at the joints but can develop at cracks
(Titus-Glover & Darter, 2008). In the past, JRCP was
widely used for pavement systems as it provides the
advantage of fewer joints. However, JRCP’s construction

cost is higher than JPCP, and it has difficulties in
controlling cracks at the transverse joints; therefore, only
a small number of concrete pavements are currently
being constructed using JRCP (Delatte, 2008).

2.3.3 Continuously Reinforced Concrete
Pavement (CRCP)

CRCP contains continuous steel reinforcements with
no transverse joints required (see Figure 2.6; FHWA,
1990). This type of design is employed for the purpose
of reducing the pavement thickness to approximately
80% compared to conventional jointed concrete pave-
ments. As a result, CRCP inherently allows the deve-
lopment of random transverse cracks in the concrete
pavement surface. Therefore, CRCP design focuses on
containing the cracks tightly together using the steel
reinforcements; otherwise, such a joint-free design will
cause premature failures such as punchouts, steel
rupture and crack spalling. Similar to JPCP and
JRCP, CRCP uses tie bars at the longitudinal joints.
CRCP is favorable in terms of providing a comfortable
riding surface for drivers and a longer lifetime (Delatte,
2008); however, CRCP is not a preferred design in the
U.S. because its construction cost is not competitive
compared to JPCP.

2.4 Material Properties of Composite Pavements

Composite pavements consist of two or more layers
of different materials bonded together. The general
form of a composite pavement has a relatively thin
flexible layer on the top of a rigid layer (Flintsch et al.,
2008). The material used for the top flexible layer can
be hot-mixed asphalt (HMA), stone mastic asphalt
(SMA), or rubber asphalt porous friction curses (Rao
et al., 2013); and the material comprising the lower rigid
layer includes one of the following: Portland cement
concrete (PCC), cement-treated base (CTB), cement-
stabilized base (CSB), or rolled-compacted concrete
(RCC). Materials with different characteristics are
utilized in two or more layers in order to provide a
high-quality riding surface (e.g., smoothness, low noise,
and high friction) while being more feasible as far as
the structural, functional, and economical aspects

Figure 2.5 Jointed reinforced concrete pavement (Titus-Glover
& Darter, 2008).

Figure 2.6 Continuously reinforced concrete pavement
(Titus-Glover & Darter, 2008).

Figure 2.4 Jointed plain concrete pavement (Titus-Glover &
Darter, 2008).
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compared to conventional flexible and rigid pavements.
The following subsections discuss these materials,
mainly focusing on those most widely used for the
flexible and rigid layers.

2.4.1 Flexible Layer

A. Hot-mixed asphalt (HMA). Asphalt concrete is a
composite material composed of construction aggregates
(e.g., sand, gravel, crushed stone, slag, recycled concrete
and geosynthetic aggregates) and an asphalt binder
(Tam, 2006). HMA is produced in a hot-mix plant
where the asphalt binder and the aggregates are heated to
decrease viscosity and remove moisture, respectively. The
aggregates in HMA are a proportion of between 90%

and 95% by weight or 75% and 85% by volume. The
aggregates mainly serve to add strength to the overall
pavement structure and thereby increase the deformation
resistance against repeated traffic loads. Therefore, the
mixture design should be properly defined in terms of the
aggregate shape, gradations, and aggregate types. HMA
is widely used for highways, airfields, port facilities,
parking lots, and bikeways or tracks.

B. Stone mastic asphalt (SMA). SMA is a gap-graded
HMA which consists of high coarse aggregates, fine
aggregates, a modified asphalt binder, and fibers
(Mallick & El-Korchi, 2013). The fibers reduce asphalt
binder drain-down from the mix. Since deformation
resistance depends on the HMA aggregate properties, its
mixing design process aims to maximize stone-to-stone
contact, resulting in enhanced rut resistant capacity and
durability. SMA is useful for pavements that are highly
exposed to pavement deformation and fatigue cracking
(e.g., heavily-trafficked roads, industrial loading areas,
bus lanes, and container terminal areas). The strength of
SMA is dependent on the aggregate gradation, therefore,
quality control of the aggregates is required in order to
obtain satisfactory SMA performance. Some of the
disadvantages of SMA include that it is about 20–25%

more expensive than HMA and additional time and
effort are required in its production.

2.4.2 Rigid Layer

A. Portland cement concrete (PCC). The components
of PCC include Portland cement, aggregates, water,
and additives. The American Society for Testing and
Materials (ASTM) classifies Portland cement by five
types: Type I, normal; Type II, modified for better
resistance to alkali attack; Type III, high early strength;
Type IV, low heat for production (40–60% less heat
than Type I); and Type V, surface-resistant (ASCC,
2005). Type I is generally used in standard construction
projects; and the aggregates are used mainly for
reducing shrinkage as well as reinforcing the structure
in PCC. Water is required to combine the cement and
the aggregates together by the process of hydration;
however, the water/cement ratio of the concrete mix
affects concrete performance in so far as strength,

durability, and wear resistance. The additives, which
are chemical admixtures, are used to provide certain
characteristics (e.g., increased resistance to freezing,
increased workability, etc.). When PCC is used for
pavements, it is usually combined with reinforcing steel
and various joint materials as its properties provide
high compressive strength but much lower tensile
strength (INDOT, 2011).

B. Cement-treated base (CTB). CTB is a finely-tuned
mixture of native and/or manufactured materials (e.g.,
soils, gravel, shale, crushed stone, slag, recycled HMA,
and recycled concrete) combined with prescribed quan-
tities of cement and water (PCA, n.d.). Water is hardens
in CTB after compaction and curing to form a strong
durable paving material. Widely used as a pavement base
for highways, roads, streets, parking areas, and air-
ports, the quality of CTB is dependent on proper cement
content, adequate moisture content, thorough mixing,
adequate compaction, and proper curing. The advan-
tages of CTB include: (1) economical pavement base by
decreasing base thickness, (2) well-maintained under
varying moisture conditions, (3) high resistance to fatigue
cracking and rutting, and (4) sustainable paving option.

C. Rolled-compacted concrete (RCC). RCC has the
same basic ingredient as conventional concrete, but the
consumption of Portland cement is decreased enough to
provide leaner concrete mixtures for compaction by
vibratory rollers. RCC is typically constructed with no
joints, dowel bars, or steel reinforcing, which makes RCC
a simple, fast, and economical pavement. RCC provides
the strength and performance of conventional concrete
coupled with advantages such as low initial construction
cost and long service life with minimal maintenance.
However, RCC does not provide an aesthetically pleasing
smooth surface texture and uniformity and therefore is
more suitable for industrial or heavy-duty pavements.

2.5 Decision Rules for Reflective Cracking Treatment

Decision rules are prepared for selecting appropriate
treatment methods to control reflective cracking in
composite pavements. The selection process considers
various factors such as the physical conditions of both
asphalt overlays and existing concrete slabs, traffic
volumes, age of the pavement structure, and cost. The
principal conditions to be assessed are the severity and
extent of reflective cracks in overlays in order to make
an informed decision about the treatment method from
various alternatives that are widely used to repair
transverse cracking (e.g., crack sealing, partial-depth
patching, and deep-depth patching; Hicks, Seeds, &
Peshkin, 2000). Crack sealing is considered for trans-
verse cracks in low- or medium-severity distress while
partial-depth and deep-depth patching are considered
for cracks of medium and high severity, respectively.

Mississippi DOT is one of two state DOTs (Minne-
sota DOT is the other) that indicated during the Phase I
study that they are using decision trees for their pavement
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management system and are using the decision tree
shown in Figure 2.7 for the rehabilitation strategy
selection for flexible and composite pavements. The area
deteriorated by various cracks is the decisive factor in
evaluating the condition of a composite pavement
section. The decision tree starts from observing the area
of alligator cracks of medium and high severity (M&H),
then it diverges to various scenarios based on the areas of
other crack types (e.g., low-severity alligator cracking,
block cracking, edge cracking, longitudinal cracking, and
transverse cracking) measured in square feet of surface
area (George, 2000). In Figure 2.7, SBST stands for
single bituminous surface treatment.

Decision trees are provided by Minnesota DOT online
for network level bituminous and bituminous over con-
crete (BOC) and concrete pavements at their website
(MnDOT, n.d.). The decision trees consider various
defects and factors to select the correct treatment method
among various preventive maintenance, rehabilitation,
and reconstruction strategies. For example, the decision
tree for network bituminous and BOC pavements first
considers alligator cracks, multiple (block) cracks, or
longitudinal cracks and transverse cracks at the highest
severity level. The pavement sections are further evaluated
by various factors such as pavement functional class (e.g.,
principal arterial, etc.), ride quality index (RQI), surface
rating (SR), extent of rutting, rehabilitation history,
pavement age, AADT, and existence of curbs. The
treatment methods for composite pavements indicated
as BOC in the decision tree are included, among which
full pavement replacement with or without unbonded
overlay, interestingly enough, is suggested as the only
treatment option for composite pavements. To obtain

more information about their treatment methods for
concrete joints, the decision tree for concrete pavements
was also reviewed. The treatment methods for concrete
pavements are selected based on the area of the distresses
(e.g., spall, D-cracking, and broken panel). Joint sealing is
indicated as a treatment method for concrete joints with a
RQI exceeding the trigger values, which vary according to
the pavement functional class and when the age is more
than 15 years. For more information, visit http://www.
dot.state.mn.us/materials/pvmtmgmt.html.

Ohio DOT also uses a decision tree to define treat-
ment types, which considers PCR, ADT or AADT, and
the severity and extent of the distresses (ODOT, n.d.).
However, Ohio DOT’s decision tree focuses more on
applying overlays to control reflective cracking in
composite pavements. Figure 2.8 summarizes the deci-
sion rules used to select treatment actions for joint
reflective cracking. The severity levels of joint reflective
cracking are low (L), medium (M), and high (H) while
the extent levels are occasional (O), frequent (F), and
extensive (E). For example, the joints in the ME
category exhibit reflective cracking of medium severity
and extensive extent. A structural overlay enhances the
structural capacity and serviceability of a pavement by
increasing the overlay thickness by more than two
inches in concert with a pre-overlay repair of any func-
tional deficiencies. On the other hand, a functional
overlay corrects any functional deficiencies present
and places an AC overlay of less than 1.5 inches
(Khazanovich et al., 2013). Flexible repairs apply
flexible materials such as joint sealant for joint repairs
rather than taking actions to reestablish load transfer
across the joints (Brockenbrough, 2009).

Figure 2.7 Decision tree for rehabilitation strategy for flexible and composite pavements (George, 2000).
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Von Quintus et al. (2009) conducted a research project
to provide guidance under the Airport Asphalt Pavement
Technology Program (AAPTP) to mitigate the occurrence
of reflective cracks in airside HMA overlays. They
suggested treatment methods that focus on the rubbliza-
tion of existing JPCP and JRCP as well as the installation
of interlayer systems. The factors used for the decision tree
were the severity and extent of reflective cracks, faulting,
voids present, quality of the load transfer at joints, and
joint spacing. Figure 2.9 depicts the decision process to
mitigate reflective cracks in HMA overlays over existing
rigid pavements. In particular, the decision tree uses non-
destructive testing (NDT) methods such as FWD to
determine the deflections across joints and GPR for the
subsurface characterization. The data collected from the
NDT methods were used to determine the presence of
voids at joints/cracks in the PCC underneath and load
transfer/load transfer efficiency (LTE).

The selection of treatment types for reflective
cracking can consider the suitability of the subgrade
soil (SHRP2 Solutions, 2014). Although the document
does not specify the treatment methods for reflective
cracks at composite pavements, it provides very useful
decision rules that can be refined to control reflective
cracks in composite pavements. For example, if the
subgrade soil has resilient modulus (Mr) ,6,000 psi or
California Bearing Ratio (CBR) ,4%, the subgrade is
too weak to properly support the pavement structure
(HMA + PCC) so the pavement structure is recom-
mended for replacement.

2.6 Conclusions

This chapter summarized the findings of the Phase I
study, including treatment types, evaluation methods
of reflective cracks, factors/constraints to determine

treatment types, and decision-making methods to select
treatment types. A comprehensive literature review was
conducted to attain a better understanding of the types
of concrete slabs installed underneath composite
pavements, the material properties of both the flexible
and rigid layers, and the decision rules to select
appropriate treatment methods for reflective cracking
in composite pavements.

The literature review found that the most prevalent
pavement type used for composite pavements is jointed
plain concrete pavement (JPCP) due to its benefits such
as low construction cost and manageable crack control
compared to jointed reinforced concrete pavement
(JRCP) and continuously reinforced concrete pavement
(CRCP). Various materials for flexible and rigid layers
have been developed in an effort to increase resistance/
durability to potential defects, thereby enhancing its
performance over conventional pavement materials
such as hot-mixed asphalt (HMA) and Portland cement
concrete (PCC).

The existing decision rules to select correct treatment
types for reflective cracking were the core focus of the

literature review because the current research aims to

design a practical decision-making tool for INDOT.

Three state DOTs (Mississippi, Minnesota, and Ohio)

were studied as they were identified as decision tree

users for their pavement management systems, wherein

each decision rule considers different defects and

factors to select the correct treatment method for

reflective cracking. An additional research activity was

introduced to help the current research develop a

decision-making tool for reflective cracking in compo-

site pavement. This additional activity provided gui-

dance to mitigate the occurrence of reflective cracks and

suggested the treatment methods focusing on the

rubblization of existing JPCP and JRCP.

Figure 2.8 Decision rules for reflective cracking treatment (ODOT, n.d.).
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3. DATA COLLECTION

3.1 Introduction

Data collection played a pivotal role in developing
the decision tool to evaluate reflective cracks and
selecting an appropriate treatment method to control
them. Data collection was conducted in four steps:
(1) visual inspection of the asphalt surface, (2) Falling
Weight Deflectometer (FWD) testing, (3) drilling cores,
and (4) visual inspection of the exposed concrete
pavement. The samples were taken from pavements in
northern and southern Indiana. The northern samples
were collected from a section of I-69 in Fort Wayne and
the southern samples from a section of US-41 in
Evansville. The data collection process was as follows:

N A selection of surface cracking samples above the joints
(classified as low, moderate, and high severity) were
collected based on the Pavement Condition Rating
(PCR) Data Collection Manual (INDOT, 2010).

N A photographic log of the visual inspection of the asphalt
surface was stored in a database.

N FWD testing was performed on the wheel path and
middle path of a lane at each joint to obtain the following
data: deflection values, in-situ California Bearing Ratio
(CBR), in-situ structural number (SN), remaining
equivalent single axle loads (Remaining ESALs), and
resilient modulus (Mr) and load transfer efficiency (LTE)
of the joints.

N Coring was conducted above the crack.

N A photographic log of the coring samples was stored in
the database.

N The underlying joints were visually inspected by remov-
ing the asphalt overlay.

N A photographic log of the exposed concrete visual
inspection was stored in the database.

3.2 Data Collection

3.2.1 Visual Inspection

The first step of this study’s data collection process
was a visual inspection of the asphalt overlay, which is a

Figure 2.9 Guideline for the selection of reflective cracks mitigation methods (Von Quintus et al., 2009).
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standard data analysis method in pavement management
and is a part of the INDOT pavement management
system. INDOT engineers conduct their visual inspec-
tions according to the 2010 PCR Data Collection
Manual, which provides a uniform basis to quantify
defects in the pavement surface by determining the
severity and extent levels of the defects. These guide-
lines provide a means for INDOT to monitor the long-
term performance characteristics of pavements under a
variety of conditions (INDOT, 2010). Table 3.1 shows
the visual inspection criteria for transverse cracking
based on the INDOT (2010) PCR Data Collection
Manual.

A global positioning system (GPS) is utilized to
specify the latitude and longitude of the highway
section prior to the visual inspections, which are noted
on the data collection sheet. When the visual inspection
of the exposed concrete pavement is conducted, the
location of the joint can be identified by the GPS
coordinates. Most importantly, the following informa-
tion about each joint is documented: the joint number,
the name of the tested road, the severity and extent
levels of the joint defects, and the location and direction
of the tested road. Figure 3.1 explains the information
that is provided on the joint labels.

The Joint ID number shown in Figure 3.1 enables
INDOT engineers to immediately know the locations of
joints and cracks and the condition determination
based on the visual inspection. Photos of the visual
inspection are required and made available in the
photographic log.

3.2.2 FWD Testing

The current pavement preservation/rehabilitation
decision-making process relies on visual inspections,
but the treatment recommendations also rely on the
experienced judgement of engineers, which often leads
to different recommendations by different engineers for
the same defect. Therefore, FWD testing, as shown in
Figure 3.2, is recommended in order to further inform
pavement management decision-making.

FWD testing has been employed since the 1980s to
measure pavement deflection in response to an applied
load. The load used is 9,000 lbs, which is interpreted as
18,000 lbs equivalent single axle loads (Remaining
ESALs). Once the deflection is measured, other data
(in-situ California Bearing Ratio (CBR), in-situ struc-
tural number, Remaining ESALs, and resilient mod-
ulus) are back-calculated. Load transfer efficiency
(LTE) also can be measured. Theoretically, loads can
be transferred by aggregate interlocking and dowel bars
in both JPCP and JRCP in order to keep the deflection
the same on both sides of the joint. Given that reflective
cracking occurs at joints, the LTE at joints should be
one of the main data efforts of the FWD testing.

TABLE 3.1
PCR Data Collection Manual for Asphalt Distress (INDOT, 2010).

Asphalt Distress Rating

Distress Severity Extent

Rating 0 5 none

1 5 low

2 5 moderate

3 5 high

0 5 none

1 5 few

2 5 several

3 5 many

Transverse cracks (1) Single crack, fine, no secondary cracks

(2) ,J0 primary crack along with small tight secondary cracks

(3) .J0, spalls, depressed, many secondary cracks

(1) ,10 cracks in 500 ft

(2) 10–25 cracks per 500 ft

(3) .25 in 500 ft

10FWI69M2NBRL
Where 10 is the joint number

FW is the district in Indiana (FW: Fort Wayne)

I69 is the name of the tested road 

M is the severity level of the crack identified by visual inspection

2 is the extent level of the crack identified by visual inspection

NB is northbound lane (SB is southbound lane)

RL is right lane (LL is left lane)

Figure 3.1 Example of formatting for cracks or joint ID. Figure 3.2 INDOT FWD testing equipment.
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It is important that field engineers are informed as to
the accuracy of LTE values for composite pavements.
Commonly, FWD testing is used to estimate the degree
of interlock between two different slabs of a Portland
cement concrete (PCC) pavement. This degree of
interlocking is generally known as the LTE and is
invaluable when field engineers conduct FWD testing
on cracks in asphalt concrete pavements because there
is no degree of interlocking or joints in asphalt concrete
pavements. However, the LTEs of composite pave-
ments can be considered as an engineering indicator of
reflective cracks, which are bottom-up cracks affected
by the concrete pavement underneath.

The FWD testing mainly applies to the structural
condition of pavements for the purposes of rehabilita-
tion and pavement management. FWD testing equip-
ment is defined in ASTM D4694, and the test method is
defined in ASTM D4695. The device is positioned at
the required location, which is generally in the middle
of the lane (middle path). In this research, cores were
taken on the wheel path; therefore, we decided that the
FWD testing would be conducted not only on the
middle path but also on the wheel path at each joint.
Figure 3.3 presents the locations where FWD testing
was performed.

INDOT has used the FWD data to evaluate the
structural adequacy of an existing pavement section for
HMA, PCC, and Composite pavement. It is also applied
to provide an estimated quantity of undersealing. There are
seven variables that the FWD testing identified: deflections
(D1 and D3), remaining ESALs, LTE, Mr, Dynamic
K-value, in-situ CBR, and SN. FWD test directly measures
road surface deflections (D1 and D3) resulting from an
applied impulse loading. The measured surface deflections
are utilized to determine pavement layer stiffness through a
back-calculation type structural analysis (Remaining
ESALs, LTE, Mr, Dynamic K-value, in-situ CBR, and SN).

A. D1 and D3. The FWD has nine deflection geophones
placed at radial offsets from the center of the load plate.
FWD provides an impact load to the pavement surface
and measures the induced surface deflections. Layer
thicknesses and layer moduli can be calculated using a
FWD back-calculation technique based on the nine geo-
phones, the applied load. As seen from the Figure 3.4, the
deflections (D1 and D3) are directly measured by FWD
test D1 is a surface deflection at the test load center and D3
is surface deflection at 8 inches from the test load center.
Table 3.2 shows distances of FWD sensors.

B. Modulus of subgrade reaction, K-value. The modulus
of subgrade reaction (k) is used as a primary input for
rigid pavement design. For rigid pavement analysis, the
adjusted subgrade stiffness values from the deflection
are utilized to compute effective subgrade support
(keff) in accordance with the AASHTO (1993) design
procedure (Ceyland, Gopalakrishnan, & Kim, 2013).

C. Resilient modulus (Mr). Resilient modulus is defined
as the ratio of deviator stress (sd) to the recoverable
strain (er).

Mr~
sd

er

ð1Þ

Resilient Modulus (Mr) is a fundamental material
property used to characterize the non-linear stress-
strain behavior of subgrade soils subjected to traffic
loadings in the design of pavements (Kim, Ji, & Siddiki,
2010). The AASHTO (1993) Pavement Design Guide
recommends using Mr as an input variable to exam
subgrade support. Mr is typically determined through
laboratory tests applied axle deviator stress and axle
recoverable strain. However, after application of FWD,
Mr based on the back-calculation has been routinely
employed in evaluating pavement layers, and the
underlying subgrade.

D. CBR (California Bearing Ratio). CBR is a conven-
tional factor to determine the resistance of the subgrade
under the load from vehicle wheels. The test can be
performed as described in the AASHTO T193 standard
test procedure (AASHTO, 2001) in field and laboratory.
However this CBR value can be back-calculated.

Figure 3.3 Location of FWD testing (middle path and
wheel path).

Figure 3.4 Location of the nine geophones.
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E. Structural Number (SN). A structural number (SN)
is applied in a HMA pavement design parameter in
presenting an indicator of pavement strength in a number
of pavement design and deterioration models. Traditional
method of to identify the existing pavement was conducted
by a laboratory testing. The AASHTO (1993) design guide
recommends methods to determine structural number
from FWD nondestructive Testing. Currently the modi-
fied or adjusted structural number obtained using FWD is
widely used to define the structural capacities of various
flexible pavements (Rohde, 1994).

F. Remaining Equivalent Single Axle Loads (ESALs).
Equivalent Single Axle Loads (ESALs) is introduced to
design the pavement for the calculation of Traffic
volume. According to the Indiana Design Manual
(INDOT, 2013), the PCCP overlay over existing PCC
is evaluated by remaining ESALs from FWD. The
Table 3.3 shows the overlay thickness based on the
percentage of the remaining ESALs calculated by FWD.

G. Load Transfer Efficiency (LTE). Load Transfer
Efficiency (LTE) of joints is to evaluate the load transfer
of the concrete pavements. The joints equipped with
dowel bars act as the bridge to connect to two slabs. LTE
calculations can be made by placing the FWD load plate
on reflective crack of the joint; two geophones report
each deflection (Dunloaded and Dloaded). LTE is simply
calculated by the rate of Dunloaded and Dloaded. As seen
the Figure 3.5, LTE values may vary from 0% to 100%.
If there is no transfer between two slabs, the LTE shows
0%, full load transfer represent 100% of LTE. Therefore,
LTE value is commonly used before making a decision of
the overlay of HMA (Zhou & Scullion, 2007).

3.2.3 Core Drilling

Core drilling is used for several purposes with the main
one carrying out laboratory testing for the road material.
However, this research conducted core drilling to accu-
rately measure the pavement thickness and conditions of
the asphalt and concrete pavement. The pavement layers
(surface, base, and concrete slab) were verified, and the
internal pavement conditions were identified from the
cores. Photos were taken for the photographic log.

Two types of cores were taken: a standard core and a
core at the joint. For the standard core, drilling was con-
ducted on a section without joints to obtain a sample in
perfect condition. The thickness of the pavement was iden-
tified through the standard core sample core, which was
also used for comparison of the core sample at the joint.
Figure 3.6 shows the two purposes for a standard core.

For the I-69 test section in Fort Wayne, two test
sections were selected and four cores were taken to
measure the pavement thickness. A specific core drilling
procedure was followed:

1. The location for the core drilling was verified.

2. A circle the size of the core was drawn on the surface at

the determined location.

3. The coring equipment was placed on the center of the

circle so that the main crack was as close to the center of

the core as possible.

Figure 3.5 LTE definition.

TABLE 3.2
Distance of FWD Sensors.

Sensor number #1 #2 #3 #4 #5 #6 #7 #8 #9

Distance from

plate (in)
0 -12 8 12 18 24 36 48 60

TABLE 3.3
HMA Overlay.

Remaining Life (%)

from FWD

Condition

Factor (CF)

Overlay

Thickness (m)

25 0.78 D0

50 0.89 D0

75 0.95 D0

D0~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Df

2{(CF|De)2
q

Df 5 Thickness of new PCC design for future traffic

De 5 Thickness of existing pavement
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4. The core was drilled down to the bottom of the concrete
pavement.

5. Photos of the core were taken in order to identify the
dowel bars, reinforcing steel, saw-cuts (if any), and cracks.

Before leaving the core site, the used core was
disposed of appropriately according to local waste
disposal guidelines. Figure 3.7 illustrates drilling a core
on I-69 in Fort Wayne.

3.2.4 Exposed Concrete Pavement

In composite pavements, one of the major distresses
is reflective cracking, which starts forming from the
joints of the underlying concrete layer. However, it is
difficult to identify it at the asphalt surface whether it is
a reflective crack or not. Transverse cracks on the
surface can be from the joints or the middle panel
cracks on the underlying concrete layer. Therefore, a
milling process is important in order to find reflective
cracks from the joint or from Mid-Panel on the
concrete layer through a visual inspection. Figure 3.8
illustrates the classification of cracks on the concrete
layer. Mid-Panel cracks and Joint cracks were included
as reflective cracking in this research.

The main purpose of inspecting the exposed concrete
pavement is not only to classify the exact types of concrete
cracks (cracks from the joint or middle panel cracks) but
also to identify the severity of crack conditions in the
concrete slab. Concrete cracks are classified by their
severity levels through the PCR Data Collection Manual
(INDOT, 2010). Table 3.4 indicates the visual inspection
criteria for transverse cracking for Mid-Panel cracks and
joint cracking for reflective cracking based on the PCR
Data Collection Manual (INDOT, 2010). While joint
cracking was evaluated by the criteria of joint cracking,
Mid-Panel cracking was evaluated by the criteria of
transverse cracking in the PCR manual.

3.2.5 Data Collection Sheet

Data collection is the most important process of
gathering information. The data collection sheet in this
study primarily consisted of the results of the visual
inspection, the FWD testing, the core drilling, and the
exposed concrete pavement. As can be seen in Figure 3.9,
the general information includes the location of the
selected road, the coordinates, the Reference Post (RP),
etc. Also, the specific factors associated with the selected
road section (the age of the pavement, the traffic volume,
and the thickness) were entered on the data collection
sheets. The data collection sheets then were utilized in the
construction of the database and in maintaining the
integrity of the research.

3.3 The Decision-Making Guidelines Based on the
Collected Data

The main purpose of this study is to provide the
correct type of treatment for reflective cracks based on

our collected data. Therefore, an explanation of the use
of the collected data and the database in which all the
collected data is stored is an important element of this
report. Based on the sample data points collected in this
study, this section also explains the selection process for
an appropriate method for treatment of reflective cracks.

As shown in Figure 3.10, this study first conducted a
literature review and collected the necessary data. Field
evaluations were then performed that included visual
inspection of the asphalt surface, drilling cores, FWD
testing, and visual inspection of the exposed concrete
pavement. After sufficient data points were collected, a
database was designed using the results obtained by the
field tests following the critical parameters we set based
on the literature review and the data collection process.
The decision-making tool provides the user with
guidelines to evaluate reflective cracks and to suggest
appropriate treatment methods.

The process begins with the INDOT field engineer
identifying a reflective crack in a certain pavement
section and taking a photo of the distress to compare it
to the photographic logs in the database (DB). Once the
engineer identifies candidate photographic logs from
the DB, he/she investigates the similarity between the
profiles (e.g., age, functional class, surface depth, traffic
volume, etc.) of the pavement section for treatment and
of the candidate photographic logs. This screening
process results in the identification of a data sample
that is similar to the crack under consideration. The
data sample will either recommend a treatment type to
control the reflective crack or suggest FWD testing for
further analysis. For the latter, the FWD testing results
for the joint in question are compared to the FWD data
records in the DB and an appropriate treatment type
for the reflective crack is recommended.

3.4 Conclusions

The main purpose of this study’s data collection was to
populate a database through the following field evalua-
tions: (1) the visual inspection of reflective cracks on the
pavement surface, (2) FWD testing at the middle path and
the wheel path, (3) drilling cores at joints, and (4) visual
inspection of the condition of the joints in the exposed
concrete pavement. The first step, visual inspection of the
reflective cracks on the pavement surface, provided surface
cracking data samples that were classified at low-,
moderate-, or high-severity levels and extent levels of
few, several, or many based on the 2010 PCR Data
Collection Manual. The second step, FWD testing at the
middle path and the wheel path, was carried out to obtain
data such as in-situ CBR, in-situ structural number,
remaining ESALs, and resilient modulus and transfer joint
efficiency (LTE). The third step, drilling cores at the joints,
identified the internal conditions of the pavement. The
fourth and final step, the visual inspection of the exposed
concrete pavement after milling the asphalt layers, was
performed in order to classify the severity of the concrete
cracks based on the 2010 PCR Data Collection Manual.
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Figure 3.6 Two purposes of a standard core.

Figure 3.7 Drilling of a core on I-69.

Figure 3.8 Classification of cracks.
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In the process of conducting the field evaluations, several
considerations were addressed:

N Each joint label must include the joint number, the road

name, and the severity and extent levels of the cracks

determined by the visual inspection on asphalt surface.

N The visual inspection results are subject to the experienced
judgement of the field inspectors. Therefore, inspectors must
be fully aware of the PCR visual inspection guidelines.

N FWD testing must be conducted in the middle path and
wheel path at each joint (if only one path is available for
testing, the wheel path is recommended). Also, the load

TABLE 3.4
PCR Data Collection Manual for Concrete Distress.

Concrete distress rating

Distress Severity Extent

Rating 0 5 none 0 5 none

1 5 low 1 5 few

2 5 moderate 2 5 several

3 5 high 3 5 many

Joint cracking (1) Small chips, ,Palm size (40) (1) ,20% of joints and cracks length

(2) Moderated, ,dinner plate (90) (2) 20%–75% of joints and cracks length

(3) Deep or large, .dinner plate (90) (3) .75% of joints and cracks length

Transverse cracking

(mid- panel)

(1) tight, fine, hairline (1) 1–3 cracks

(2) ,J0 (2) 4–7 cracks

(3) .J0, spalled, missing pieces (3) .7 cracks

Figure 3.9 Data collection sheet.
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(9,000 lbs) should be placed on the crack at the joint,

whereby the value of the transfer joint efficiency (LTE)
can be measured along with in-situ CBR, in-situ structural

number, remaining ESALs, and resilient modulus.

N The coring equipment must be placed on the center of the
circle indicating the location of the crack and the main crack

must be as close to the center of the core as possible. If this

procedure is not followed, incorrect values may be produced.

N The location of the visual inspection of the exposed concrete
pavement must correspond with the GPS coordinates deter-

mined during the visual inspection of the asphalt surface.

4. DATA ANALYSIS

4.1 Introduction

The field evaluation process included collecting data
pertaining to reflective cracks in composite pavements.
The process consisted of the following four steps: (1) visual
inspection of the asphalt surface, (2) FWD testing,
(3) coring, and (4) visual inspection of the exposed con-
crete. Two field testing sections were selected and proposed
by the SAC members: northbound I-69 in Fort Wayne and
southbound US-41 in Evansville. We originally planned to
collect a total of 120 data points from the two sites (60
from each site), keeping in mind that the 60 data points
obtained from the visual inspection of the asphalt surface
should consist of equal numbers of reflective cracks at low,
moderate, and high levels of severity. However, we were
able to ultimately collect 130 data points from the two sites
(60 from I-69 and 70 from US-41). The analysis of the
collected data is presented in the following sections.

4.2 Data Analysis of I-69

The initial field testing was conducted on I-69 located
in the INDOT Fort Wayne District. The Purdue
research team, with the assistance of Fort Wayne
District personnel, carried out all four steps of the field
testing process. As mentioned in Chapter 3, all the data
were recorded using data collection sheet and photo-
graphs. Figure 4.1 shows the general information for all
the data points on the I-69 test section.

All 60 reflective cracks were identified within a 2.4-
mile section of the I-69 northbound lanes. The annual
average daily traffic (AADT) for this section was
18,919,21,253 vehicles. The width of this section was
38 ft., which included two 12-ft. lanes and a shoulder on
either side. The 10-inch thick concrete pavement was
installed in 1968-69; and four milling and resurfacing
projects have taken place, as shown in Figure 4.1. The
scope of the construction project for this section in 2013
also conducted milling and resurfacing with stone
mastic asphalt (SMA).

4.2.1 Visual Inspection

The main aim of this research was to enable better
decision-making by INDOT to evaluate the condition
of the underlying concrete using visual data and non-
destructive testing, which thereby would assist pave-
ment engineers in the selection of appropriate treatment
types to control reflective cracks. Therefore, visual
inspection was necessary to record the condition of the
reflective cracks at the surface level (see Figure 4.2,
Figure 4.3, and Figure 4.4).

4.2.2 Falling Weight Deflectometer (FWD)

For each reflective crack, FWD testing was per-
formed at two locations within the driving lane, one at
the wheel path and the other at the middle of the
driving lane (referred to as the middle path). Figure 4.5
and Figure 4.6 illustrate our comparison of the deflec-
tions between the FWD geophone sensors 1 (D1) and
3 (D3). As can be seen from these figures, the D1s had
higher values than the D3s, not only at the wheel path
but also at the middle path.

Figure 4.7 depicts our comparison of the LTE values
at the wheel and middle paths. Since the cracks were
divided into low, moderate, and high levels of severity, the
LTE values varied from 40 to 100, depending on the data
point. Additionally, Table 4.1 presents our comparison of
the overall results of the FWD testing. Data such as in-
situ CBR, in-situ SN, dynamic K value, remaining

Figure 3.10 Decision-making guidelines.
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ESALs, and Mr were also recorded for each reflective
crack. In general, the wheel path results indicated higher
CBR and LTE values and lower D1 and D3 values than
did the middle path results. The FWD results for each
reflective crack are presented in Appendix C.

4.2.3 Coring

As discussed in Chapter 3, coring is usually performed
to obtain samples of pavement materials for laboratory
testing. Since laboratory work was not required in this

study, coring was performed over the reflective cracks to
determine the condition of all the layers in the composite
pavement. Figure 4.8 shows the cores taken in the area of
a reflective crack. Note that the crack is severe not only in
the concrete pavement but in the asphalt pavement as
well, which is due to the fact that reflective cracks are
likely to occur in the asphalt surface when there are
stresses at the joints in the underlying concrete pavement.
Another purpose for coring is to identify the pavement
type, such as in this study, JPCP and JRCP. As can be
seen from Figure 4.9, saw and cut and dowel bar were

AADT

Width

Length( tested road)

38 ft with 2 Lanes

2.4 mile ( 3,798 m)

Depth of intermediate layer

Age of surface

Age of surface 29 y2 in

10 in

1968~1969

18,919~ 21,353

Depth of concrete

Depth of surface layer 7 y

Age of surface

1.5 in

45 y

Sturcture

Building year for concrete

Original pavement

Paving year for 
intermediate

Paving year for surface

 1990 and 1999 

Location I69 in Fort Wayne

2006 with 1.5 in (SMA pavement)

            1969                                      1984                                      1990~1999                                     2006

Milling and overlay

Milling and overlay

Concrete pavement with 10 in

1984

1990: milling and resurfaced on driving lane only       
1999: milled 1” with a resurface thickness of 1.25

12 ft 12 ft10 ft 4 ft

Concrete lanesAscon shoulder Ascon shoulder 

10 in

1.5 in

2.0 in

about  3.5 in milling + overaly

10 in 10in 10 in

Figure 4.1 General information for I-69 test section.

Figure 4.2 Low-severity reflective crack with moderate extent (I-69).
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Figure 4.3 Moderate-severity reflective crack with moderate extent (I-69).

Figure 4.4 High-severity reflective crack with moderate extent (I-69).
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Figure 4.5 Comparison of D1 and D3 for wheel path.
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Figure 4.6 Comparison of D1 and D3 for middle path.
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Figure 4.7 Comparison of LTE at wheel and middle paths.

TABLE 4.1
Summary of FWD Test Results on I-69.

Wheel Path Middle Path

In-Situ

CBR

In-Situ Str.

No.

Dynamic

K Value

(pci) D1 D3

LTE

(%)

Resilient

modulus

In-Situ

CBR

In-Situ

Str. No.

Dynamic

K Value

(pci) D1 D3 LTE (%)

Resilient

modulus

Mean 6.5 5.6 877 4 3 67 11039.7 6.3 6.1 827 4 3 71 10225.1

Std. Dev. 1.0 1.0 190.9 1.3 0.6 18.2 2554.3 1.0 1.3 191.6 1.2 0.8 17.1 2404.6

Figure 4.8 Coring for reflective crack 33 and I-69 in Fort Wayne district.
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identified in the concrete pavement, confirming that I-69
is pavement type JPCP. All coring results for other cracks
are presented in Appendix C.

4.2.4 Exposed Concrete Surface Inspection

After milling the asphalt surface in the test section, the
exposed concrete surface was inspected and photos were
taken, which are shown in Figure 4.10. It was observed
during this step of field testing that the reflective crack
on the asphalt surface and the distress and/or joint in the
concrete pavement were not in the same vertical plane.

This can be inferred from the location of the core on the
exposed concrete pavement as seen in the photos below.
This step also helped in documenting whether the
reflective crack was over the joint in the concrete pave-
ment or at the mid-panel.

Of the 60 reflective cracks recorded during the field
testing, 33 cracks were at the joint and the remaining 27
were at the mid-panel. There were 20 low-, 7 moderate-,
and 6 high-severity cracks at the joint. On the other
hand, there were 0 low-, 13 moderate-, and 14 high-
severity cracks at the mid-panel. Table 4.2 presents the
comparison of the joint and mid-panel cracks.

Figure 4.9 Coring of reflective crack with dowel bars in Fort Wayne district.

Figure 4.10 Exposed concrete surface.
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4.2.5 The Relationship between Asphalt Visual Inspection
and Concrete Visual Inspection

The asphalt visual inspection and concrete visual
inspection were conducted in accordance with the
INDOT Pavement Condition Rating (PCR). Concrete
cracking was divided into two types of cracking: joint
and mid-panel. Before milling the asphalt pavement, it
was difficult to identify the differences between a joint
crack and a mid-panel crack. Table 4.3 shows the
results of the visual inspection. There were 20 cracks for
each severity level (low, moderate, and high) in the
asphalt visual inspection. After milling the asphalt
pavement, the results of the concrete visual inspection
also were categorized as joint cracks and mid-panel
cracks. As can be seen from Table 4.3, in terms of low-
severity asphalt visual inspection, there were no mid-
panel cracks, and most of the joint cracks (75%) were
low severity. In the results for moderate-severity asphalt
visual inspection, 11 data points were ascribed to high-
severity mid-panel cracks. It is likely that mid-panel
cracks can be more severe than joint cracks since there
are no dowel bars installed inside the concrete slab in
the mid-panel. Lastly, the high-severity asphalt results
show that 83% of the joint cracks were of high severity,
and 86% of the mid-panel cracks were of high severity.
Therefore, regardless of whether a high-severity asphalt
crack was classified as a joint or mid-panel crack, high-
severity asphalt cracks are likely to indicate serious
cracks in the concrete underneath.

Figure 4.11 shows our comparison of the overall
results of the asphalt visual inspection and the concrete
visual inspection. Low-severity asphalt visual inspection
exhibited 75% low severity in concrete visual inspection;
medium-severity asphalt visual inspection showed 60%

high severity in concrete visual inspection; and high-
severity asphalt visual inspection showed 85% high sever-
ity in concrete visual inspection. Overall, although asphalt
cracks may show moderate severity on the surface, the
severity of the concrete cracks underneath the asphalt
pavement may be high severity, leading us to conclude
that moderate and high-severity cracks in asphalt visual
inspection would need to be treated similarly.

4.2.6 Variable Selections for FWD

There were several main variables that we employed in
the statistical analysis. The severity level of the asphalt
visual inspection (low/moderate/high), the severity level
of the concrete visual inspection (low/moderate/high),
and the FWD results were used to create the variables for
data analysis. As can be seen from Figure 4.12, the FWD
testing identified seven variables: deflections (D1 and
D3), remaining Equivalent Single Axle Loads (ESALs),
Load Transfer Efficiency (LTE), Resilient modulus (Mr),
Dynamic The modulus of subgrade reaction (K-value),
in-situ California Bearing Ratio (CBR), and Structure
Number (SN). However, if the variables are duplicated,
we do not need all seven of them for data analysis.

FWD testing was performed on the wheel path and
middle path, as shown in Figure 4.13. The deflection
D1 value was an average of 4.1 in the wheel path and
3.9 in the middle path. The LTE wheel path value
(67%) was relatively lower than the middle path (71%).
Therefore, we made a decision to conduct the data
analysis using the FWD wheel path results because they
reflect the worst case pavement condition.

Pairwise correlation is commonly used to measure
the degree of coefficient determination (R) between two
variables. Table 4.4 shows the pairwise correlation on
I-69. One data point was eliminated as outlier. The

TABLE 4.2
Overall Summary of the Location of Data Points on I-69
Test Section.

Joint Mid-Panel

Low 20 0

Moderate 7 13

High 6 14

Total 33 17

TABLE 4.3
Comparison of the Joint Crack and the Mid-Panel Crack.

Asphalt Visual Inspection Concrete Visual Inspection

Severity Number Severity

Joint Crack Mid-panel Crack

% Number % Number

L 20 L 75% 15 — 0

M 20% 4 — 0

H 5% 1 — 0

M 20 L 50% 4 — 0

M 37.5% 3 8% 1

H 12.5% 1 92% 11

H 20 L 0% 0 0% 0

M 17% 1 14% 2

H 83% 5 86% 12
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Figure 4.12 Classification of variables.
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correlation of D1 and SN was 0.9340, which was the
highest value, followed by D1 and Remaining ESALs
with 0.8885. Also, the correlations between D1 and Mr,
D3 and Mr, LTE and SN, Mr and in-situ CBR
exceeded 0.7 of R2. The high correlations indicate that
their properties were similar and a few of the variables

therefore can be eliminated. For example, when SN had
high correlations with D1 and Mr, SN could be ignored
by substituting SN with D1 and Mr.

Principal Component Analysis (PCA) was performed
to select the practical variables through the JMP
program, as shown in Figure 4.14. PCA is a multivariate
analysis method and is commonly used for extracting
the main components from multiple variables (Wold,
Esbensen, & Geladi, 1987).

Figure 4.14 illustrates the PCA results. As can be seen
from the factor loading graph on the right side of Figure
4.14, the data for Mr and CBR have the same com-
ponent. D1, Remaining ESALs, and SN were in inverse
proportion, which indicates that D1 can be replaced with
Remaining ESALs and SN. In additon, K-value is a
modulus of the subgrade reaction, representing the
function of Mr. Therefore, K-value can be eliminated
from the overall data analyis even though K-value and
Mr demonstrated low correlation. Therefore, Mr, D1,
D3, and LTE were selected as the primary variables from
the FWD testing utilizing PCA and the pairwise
correlations.

We applied six variables in the data analysis: D1, D3,
LTE, and Mr (all of which were determined from the
FWD testing results), the severity level of asphalt visual
inspection, and the severity level of concrete visual
inspection. Table 4.5 shows the pairwise correlations.
One data point was eliminated as an outlier; therefore,
59 data points were utilized in the overall data analysis.

As can be seen from the scatter plot and pairwise
correlations, the visual inspection of the asphalt was
strongly correlated to the visual inspection of the
concrete as R was equal to 0.6923. However, the
correlations obtained from the FWD testing results
(Mr, D3, D1, and LTE) as well as the visual inspections
of the asphalt and concrete did not show any deter-
minsitc relationships. As the LTE value was obtained
from the calculation of D1 and D3, we eliminated D3
from the main variables. In conclusion, Mr, D1, and

TABLE 4.4
Pairwise Correlations for FWD on I-69.

Variable by Variable Correlation Count P-value

SN In-Situ CBR 0.4534 57 0.0004*

K-value In-Situ CBR 0.3521 57 0.0072*

K-value SN -0.3426 57 0.0091*

D1 In-Situ CBR -0.6358 57 ,.0001*

D1 SN -0.9340 57 ,.0001*

D1 K-value 0.1115 57 0.4090

D3 In-Situ CBR -0.5999 57 ,.0001*

D3 SN -0.1546 57 0.2509

D3 K-value -0.6916 57 ,.0001*

D3 D1 0.3067 57 0.0203*

LTE In-Situ CBR 0.2435 57 0.0679

LTE SN 0.8208 57 ,.0001*

LTE K-value -0.5804 57 ,.0001*

LTE D1 -0.7512 57 ,.0001*

LTE D3 0.3612 57 0.0058*

Remaining ESALs In-Situ CBR 0.5684 57 ,.0001*

Remaining ESALs SN 0.7692 57 ,.0001*

Remaining ESALs K-value -0.1607 57 0.2323

Remaining ESALs D1 -0.8885 57 ,.0001*

Remaining ESALs D3 -0.1829 57 0.1734

Remaining ESALs LTE 0.6553 57 ,.0001*

Mr In-Situ CBR 0.7463 57 ,.0001*

Mr SN 0.5329 57 ,.0001*

Mr K-value 0.4367 57 0.0007*

Mr D1 -0.7226 57 ,.0001*

Mr D3 -0.7117 57 ,.0001*

Mr LTE 0.2483 57 0.0626

Mr
Remaining

ESALs

0.5257
57

,.0001*

*Indicates P-value ,0.05.

Figure 4.14 Principal component analysis on I-69.
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LTE were the final variables from the FWD testing
results that needed to be incorporated in the decision-
making tool as independent variables along with
the severity level of asphalt visual inspection (low/
moderate/high). The severity level of concrete visual
inspection (low/moderate/high) acted as a dependent
variable for the decision-making tool.

4.3 Data Analysis on US-41

The second field evaluation was conducted on US-41 in
Evansville, which is part of the INDOT Vincennes District.
The Purdue research team, assisted by Vincennes District
personnel, carried out all four steps of the field evaluation
procedure, which was identical to the I-69 procedure.

The research team identified and marked 70 cracks
from the project station (600+00 to 660+00), which were
in the northbound right hand lane of US-41. The
AADT for this section was 41,140, including 7,400
AADTT. The posted speed limit on US-41 is 60 mph.
The soil type, as classified by AASHTO, is A-6. There
are two lanes in each direction, and each lane is 12-ft.
wide with 8-ft. HMA outside shoulders and 3-ft. HMA
inside shoulders. Table 4.6 shows the general informa-
tion for all the data points of the US-41 test section.

This section of US-41 was built in four units (four
12 ft. travel lanes) from south to north in 1947, 1952,
and 1953 as either 9-7-9 inch concrete pavement or
9-inch JRCP with 40 ft. joint spacing. All travel lanes
received their first HMA overlay in 1975. The lanes also
were widened to 12 ft., the inside and outside shoulders
were widened with HMA, and "K" type under-drains
were added either on the inside and outside of each
direction or on the low side of a super-elevation.
Additional left and right turn lanes were constructed in
2004 for the Warrenton Road intersection (CR-1250S),
which were 7-inch HMA on 9-inch concrete. The
history of the pavement structure and overlay is shown
more specifically in Table 4.7. The construction project

consisted of full-depth patching, partial-depth patching,
surface milling, and HMA or SMA overlay.

4.3.1 Visual Inspection

As stated earlier in the I-69 data section, visual
inspection was the key step in our field evaluation to
record the condition of the reflective cracks at the
surface level. The Purdue research team visited the
construction site with INDOT research engineers,
pavement engineers, and other research assistants to
get reliable visual inspection results. The team recorded
general information related to 70 reflective cracks on
the data collection sheet according to their levels of
severity and extent. Both of these factors were rated at
three different levels (low/moderate/high) based on the
PCR data collection. Figure 4.15, Figure 4.16, and
Figure 4.17 show the photos taken during the visual
inspection on US-41. More information and other data
are shown in Appendix C.

This study originally planned to obtain 60 data
points from the southern part of Indiana, but the
research team was able to collect 70 data points during
the visual inspection. These reflective cracks consisted
of 20 of low severity, 25 of moderate severity, and 25 of
high severity.

4.3.2 Falling Weight Deflectometer (FWD)

Similar to the procedure for the I-69 test section, the
FWD testing on US-41 was conducted at two locations
within the right lane (one at the wheel path and the
other at the middle path). Figure 4.18 and Figure 4.19
show our comparisons of the D1 and D3 values,
respectively, for the wheel and middle paths. The D1
and D3 values were obtained from FWD geophone
sensors No. 1 and No. 3. Figure 4.20 shows our com-
parison between the LTE values at the wheel and
middle paths. It can be seen that the deflection values at
the wheel path tended to have higher values than the
middle path. Lower LTE values were observed at the
wheel path. The FWD testing results showed that
reflective cracks were more severe at the wheel path
compared to the middle path. Therefore, this study
recommends that the condition of a reflective crack
should be analyzed utilizing the FWD testing results for
the wheel path. Table 4.8 is a summary of the FWD
results at the wheel and middle paths.

4.3.3 Coring

Coring of the 70 US-41 data points was performed for
the purpose of identifying the pavement condition and
pavement type, such as JPCP or JRCP. As can be seen
from Figure 4.21, the wire mesh in the US-41 concrete
pavement was observed. Therefore, as mentioned above
in general information on the US-41, this is identified as
JRCP. It was difficult to gain perfect cores from the data
points because the base layer was crumbled and washed
out (see Figure 4.22). However, the concrete conditions

TABLE 4.5
Pairwise Correlations for Main Variables on I-69.

Variable by Variable Correlation Count P-value

D1 D3 0.4912 59 ,.0001*

LTE D3 0.1982 59 0.1323

LTE D1 -0.5480 59 ,.0001*

Mr D3 -0.6927 59 ,.0001*

Mr D1 -0.4939 59 ,.0001*

Mr LTE -0.3201 59 0.0134*

Concrete D3 -0.2203 59 0.0936

Concrete D1 -0.1881 59 0.1537

Concrete LTE -0.1076 59 0.4172

Concrete Mr 0.3457 59 0.0073*

Asphalt D3 0.0197 59 0.8823

Asphalt D1 -0.1226 59 0.3551

Asphalt LTE -0.1045 59 0.4311

Asphalt Mr 0.1448 59 0.2740

Asphalt Concrete 0.6923 59 ,.0001*

*Indicates P-value ,0.05.
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TABLE 4.6
General Information for US-41 Test Section.

Location US-41, about one mile north of Evansville

AADT (AADTT) 2013 41,140 (7,400)

Posted speed 60 mph

Existing pavement type HMA over concrete

Soil type A-6

No. lanes 2 each bound

Lane width 129

Shoulders 89 OS and 39 IS, HMA

Structure

12 ft.12 ft.3 ft. 8 ft.
Outside ShoulderInside Shoulder

TABLE 4.7
History of Pavement Structure and Overlays on US-41

Building year for concrete 1947,1953

Original pavement Concrete Pavement with 9 inch

Structure in 1953

11 ft 11 ft 9 in Concrete Pavement

Structure in 1975
11 ft 11 ft

9 in Concrete Pavement

First Asphalt Overlay

Outside Shoulder HMA

12 ft12 ft

Inside Shoulder HMA

Structure in 1991
11 ft 11 ft 9 in Concrete Pavement

Second Asphalt Overlay

12 ft12 ft

Structure in 2004

9 in Concrete Pavement

New Added 7 in HMA Right Turn Lane

11 ft 11 ft

New Added Outside Shoulder
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from the coring samples were generally good. All coring
for other cracks are presented in Appendix C.

4.3.4 Exposed Concrete Surface Inspection

During the study, Purdue research team was able to
perform the visual inspection of the exposed concrete for
only 9 cracks (out of 70 sample data points) due to the
construction project scope and schedule. The visual re-
sources that the team obtained from the field evaluation in
Evansville are stored in the database and the Appendix C.

4.3.5 The Relationship between Asphalt Visual Inspection
and Concrete Visual Inspection

Even though this research obtained several visual
inspection results of the exposed concrete, it is still not
enough to fully analyze the relationship between asphalt
visual inspection and concrete visual inspection. The
number of sample is too small to conclude normalized
results.

4.3.6 Variable Selection for FWD

FWD testing was performed on the wheel path and
middle path as shown in Figure 4.23. Deflection D1 was
an average of 7.6 at the wheel path and 6.7 at the middle
path. In our comparison of LTE values, the wheel path
was 65.6%, which was lower than the middle path with
72.1%. Therefore, the wheel path FWD results were used
to select the main variables. Additionally, in terms of the
comparison of two field sites: I-69 in Fort Wayne and
US-41 in Evansville, the AADT on US-41 was 23,152 in
2013, which was a little bit larger than the AADT for I-69
with 21,353 in 2013. The mixture type of the asphalt
surface on US-41 was dense grade, while I-69 was SMA.
Therefore, the different AADT and pavement types
affected the deflections (D1 and D3).

Table 4.9 shows the pairwise correlation. One data
point was eliminated as an outlier. Correlation (R) was
used to measure the degree of relationship between two
variables. If the values of R were high and the two
variables had similar properties, then one variable was
eliminated because the variables were drawn from the
back-calculation using the FWD testing results. The
strongest correlation was between Remaining ESALs
and SN with 0.9037 of R, followed by that of Mr and
K-value with 0.8934. Also, the correlations of R, which
included D1 and in-situ CBR, D1 and SN, D1 and
K-value, LTE and SN, and Mr and D1, showed the high
values of coefficient determination with more than 0.8.

PCA is a multivariate analysis method that is
commonly used for extracting the main components
from multiple variables. Figure 4.24 shows the PCA
results. As K-value, Mr, Remaining ESALs, and in-situ
CBR consist of similar components, Mr could act as a
representative variable. Therefore, Mr, D1, D3, and LTE
were selected as the main variables from the FWD results
determined through PCA and the pairwise correlations.

Mr, D1, D3, and LTE were selected as the final
variables, however, the LTE value also could be brought
into the calculation of D1 and D3. We therefore were
able to extract D3 from the main variables. In conclusion,

Figure 4.15 Low-severity reflective crack with moderate
extent (US-41).

Figure 4.17 High-severity reflective crack with moderate
extent (US-41).

Figure 4.16 Moderate-severity reflective crack with moderate
extent (US-41).
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Figure 4.18 Comparison of D1 at wheel and middle paths on US-41.

Figure 4.19 Comparison of D3 at wheel and middle paths on US-41.

Figure 4.20 Comparison of LTE at wheel and middle paths on US-41.

TABLE 4.8
Summary of FWD Test Results on US-41.

Wheel Path Middle Path

In-Situ

CBR

In-Situ Str.

No.

Dynamic

K Value

(pci) D1 D3

LTE

(%)

Resilient

modulus

In-Situ

CBR

In-Situ

Str. No.

Dynamic

K Value

(pci) D1 D3

LTE

(%)

Resilient

modulus

Mean 4.2 5.3 269.6 7.6 4.6 65.6 6,219.0 4.5 6.1 323.1 6.7 4.6 72.1 6,750.0

Std. Dev. 1.0 0.7 72.4 2.8 1.5 21.8 1,448.6 0.8 0.8 73.3 2.1 1.2 18.5 1,228.9
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Figure 4.21 Wire mesh in JRCP on US-41.

Figure 4.22 Core with washed-out base layer on US-41.
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Figure 4.23 (a) Deflection D1 and D2; (b) LTE (%) on US-41.

TABLE 4.9
Pairwise Correlations for FWD on US-41.

Variable By Variable Correlation Count P-value

SN In-Situ CBR 0.7437 68 ,.0001*

K-value In-Situ CBR 0.8935 68 ,.0001*

K-value SN 0.6577 68 ,.0001*

D1 In-Situ CBR -0.8621 68 ,.0001*

D1 SN -0.8853 68 ,.0001*

D1 K-value -0.8319 68 ,.0001*

D3 In-Situ CBR 0.1953 68 0.1105

D3 SN 0.0845 68 0.4934

D3 K-value 0.0031 68 0.9800

D3 D1 -0.1542 68 0.2093

LTE In-Situ CBR 0.7579 68 ,.0001*

LTE SN 0.8098 68 ,.0001*

LTE K-value 0.5954 68 ,.0001*

LTE D1 -0.7953 68 ,.0001*

LTE D3 0.6158 68 ,.0001*

Remaining

ESALs
In-Situ CBR

0.7842
68

,.0001*

Remaining

ESALs
SN

0.9037
68

,.0001*

Remaining

ESALs
K-value

0.6386
68

,.0001*

Remaining

ESALs
D1

-0.7489
68

,.0001*

Remaining

ESALs
D3

0.0934
68

0.4489

Remaining

ESALs
LTE

0.7736
68

,.0001*

Mr In-Situ CBR 1.0000 68 ,.0001*

Mr SN 0.7437 68 ,.0001*

Mr K-value 0.8934 68 ,.0001*

Mr D1 -0.8620 68 ,.0001*

Mr D3 0.1956 68 0.1099

Mr LTE 0.7580 68 ,.0001*

Mr
Remaining

ESALs

0.7842
68

,.0001*

*Indicates P-value ,0.05.
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Mr, D1, and LTE were the final variables added to the
decision-making tool as independent variables, along
with the severity level of asphalt visual inspection (low/
moderate/high). The severity of concrete visual inspection
(low/moderate/high severity) acted as a dependent vari-
able for the decision-making tool.

4.4 Conclusion

This chapter analyzed the results of the field evaluation
for two different road types: I-69 in Fort Wayne and
US-41 in Evansville. The results from these two road sec-
tions needed to be analyzed in two different ways because
one is an interstate highway and the other is a U.S. high-
way. The results of the data analysis for I-69 are as follows:

N In terms of the distribution of joint cracks and mid-panel

cracks at the I-69 section, 33 cracks were at the joint and

the remaining 27 were at the mid-panel. 55% of the

cracks were located over joints compared to 45% cracks

over mid-panel distresses in the concrete pavement. All

low-severity cracks were located over joints and no low-

severity cracks were located over mid-panel distresses.

Moreover, 65% of the moderate-severity cracks and 70%

of the high-severity cracks were located over mid-panel

distresses in the concrete pavement.

N FWD testing obtained seven variables: deflection (D1

and D3), Remaining ESALs, LTE, Mr, Dynamic

K-value, in-situ CBR, and SN. Mr, D1, D3, and LTE

were selected as the main variables through PCA and the

pairwise correlations.

N Six variables were applied in the data analysis; D1, D3,

LTE, and Mr (all from the FWD results), the severity

levels were determined from the asphalt and visual

inspections. The visual inspection of the asphalt was

strongly correlated to the visual inspection of the con-

crete as R was equal to 0.6923. In conclusion, Mr, D1,

and LTE were the final independent variables determined

from the FWD results along with the severity level of the

asphalt visual inspection (low/moderate/high). The severity

level of concrete VI (low/moderate/high) acted as a
dependent variable for the decision-making tool.

N The research team collected general information for 70
reflective cracks on US-41 in Evansville, and the visual
inspection of the asphalt surface, the FWD testing, and the
coring have been completed. However, the entire visual
inspection of the exposed concrete will be conducted in the
spring of this year. The conclusions of the field testing data
analysis for US-41 therefore are incomplete pending
completion of the field evaluation procedure.

5. GUIDELINES FOR DECISION-MAKING

5.1 Introduction

The data related to reflective cracks in composite
pavement were collected in the following four steps of the
field evaluation procedure: visual inspection of the asphalt
overlay, FWD testing, coring, and visual inspection of the
exposed concrete surface. The collected data were pre-
sented and analyzed in the previous chapters. This chapter
discusses how the decision-making guidelines were devel-
oped using the collected and analyzed data. The following
sections provide detailed information about:

N Database and entity relationship diagram

N Decision-making procedure

N Algorithms for decision-making tool

N Computer application for decision-making guidelines

This study first developed a database that would be
able to efficiently store, organize, search, and update the
collected data from the field evaluations. The database
contains several interrelated tables; and an entity relation-
ship diagram was created to express the relationship
between the tables. In the second section, the holistic
decision-making procedure is described. There are four
phases of the procedure, the details of which are also
discussed. This study also created algorithms for the
decision-making tool, which were developed based on the

Mr, ESALs

Figure 4.24 Principal component analysis on US-41.
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decision-making procedure and are discussed in the third
section. This study also created a software application
(discussed in the fourth section) that field engineers can
use in practice with the decision-making guidelines. This
application is not only able to make a suggestion based on
the populated database but also updates the data points
to the database to make more reliable suggestions in the
future. Finally, a summary of the decision-making guide-
lines and the conclusions of this study are presented at the
end of this chapter.

5.2 Database and Entity Relationship Diagram

The database was developed using Microsoft Access
because Access is a widely used program by INDOT
field engineers. The Microsoft Access database also
may be used as a primary product for a future project
of the ‘‘back-end’’ product, such as Microsoft SQL
Server and non-Microsoft products such as Oracle and
Sybase. INDOT uses Oracle and VB.NET. Therefore,
this database using Microsoft Access would integrate
well with INDOT data later on. The developed
database contains 130 sample data of reflective cracks
to date and is shown in Figure 5.1.

As shown in Figure 5.1, the sample data are organized
in six tables in the database. This study also designed the
entity relationship diagram (ERD) in Figure 5.2 to
present the interrelationships of these tables.

The ERD is a graphical representation of how the data
are organized and related to each other in the various
components of the final database. A primary database
was developed with the data collected during the field
evaluations of I-69 and US-41. The decision-making tool

developed in this study interacts with this primary
database to select treatment types for reflective cracks.
It is also possible to update the database with new data
collected from future field evaluations. The ERD for the
primary database system is shown in Figure 5.2.

As shown in the ERD, this database contains six
tables, and each table consists of different categories of
information collected during the field evaluations.
These tables are related to each other through unique
and unduplicatable crack IDs assigned in the database,
which were explained in Chapter 3 of this report.

The content of these categorized tables includes not
only text and numbers but also high-quality photos.
For example, the Visual Inspection, Coring, and Open
Surface tables contain at least two or three photos that
are sharp enough to check the condition of the cracks
visually. The size of each photo is larger than 1 Mb, and
the entire database system is larger than 1 Gb.

5.3 Decision-Making Procedure

This study developed a decision-making tool that can
assist field engineers in making decisions pertaining to
reflective crack treatments based on the analyzed data
from the field evaluations of this study. These data are
arranged and stored in the database explained in the
previous section. The developed decision-making tool
can search and sort the data when field engineers seek
crack data for crack conditions similar to the crack
needing treatment. The tool ultimately produces sugges-
tions for crack treatments based on the user’s input.

The decision-making tool searches and sorts the
analyzed data using four criteria: (1) severity level of

Figure 5.1 Microsoft Access database.
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the asphalt cracks from visual inspection procedure,
(2) the deflection 1 values (D1), (3) the load transfer
efficiency values (LTEs), and (4) the resilient modulus
(Mr) values from the FWD testing. These criteria are
used in the different phases of the decision-making
procedure, which are shown in Figure 5.3.

The decision-making procedure begins with the user
inserting the level of severity in Phase I to search the
database. The database is then searched with the level of
severity, and the matched crack data are displayed. The
tool then identifies the concrete crack condition of the
matched crack data and suggests a crack treatment
method. The decision-making procedure is terminated if
the user accepts the suggested treatment method. If the
user is not satisfied with the suggested method, the
searched data can be sorted again in the following
phases. In Phase II, the D1 values are used to sort the
searched data. When the sorted data are displayed, the
tool identifies the concrete crack condition and suggests
a new crack treatment method based on the identified
concrete crack condition of the sorted data. The user
again may accept the suggestion; otherwise, the searched
data can be sorted again with different factors in the next
two phases. The LTE and Mr values are used in Phases
III and IV, respectively, to sort the data. The procedures
in these phases are similar to the Phase II procedure.
Note that engineers should be informed that visual
inspections of the asphalt overlay must be conducted to
obtain the required input in Phase I and FWD testing on
the asphalt overlay for Phases II, III, and IV.

5.4 Algorithm for Decision-Making Tool

This study also developed a flowchart and detailed
algorithms for the decision-making tool, which can help
field engineers understand and employ the decision-making

procedure. This sub-section examines the decision-making
process based on the flowchart and algorithms.

This study developed the flowchart shown in
Figure 5.4 to present the holistic decision-making
process. It contains four searching and sorting algo-
rithms based on the different factors explained in the
previous section. Each algorithm is associated with a
different phase of the decision-making procedure. The
first sorting and suggesting algorithm utilizes the visual
inspection of the asphalt overlay, which is explained in
Section 5.4.1 in detail. The other algorithms employ the
FWD testing results on the reflective cracks. Additional
details of these algorithms are provided in Section 5.4.2,
Section 5.4.3, and Section 5.4.4.

There are many other variables that affect the crack
condition, but they do not take into account factors
such as the traffic volume, temperature, and age of the
pavement. Several significant variables were considered
in this study in order to create an intuitive decision-
making process for field engineers when they are
considering the treatment methods for a reflective
crack in a primary state. The variables considered in
this study were the crack severity level, deflections,
LTEs, and Mr.

As mentioned earlier, the decision-making procedure
first prompts the user to indicate the severity and extent
levels of the reflective crack in the asphalt overlay. If
known, the user is then able to search the database with
that information; otherwise, the user is directed to
conduct visual inspections of the reflective crack. When
the database is searched, a list of matching data is
displayed; if there are no matching data in the database,
no options are displayed. In this case, the user can search
the database again with different variables in order to find
another searching loop. However, the decision-making
process can be terminated if the user does not want to
search the database with different variables.

Figure 5.2 Entity relationship diagram (ERD) for database.
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If more than one matching data option exists in the
database, the user is able to search the suggested
treatments based on visual inspections and the results
of FWD testing. In this case, the matching data are
sorted and one suggestion is displayed based on the
visual inspection of the asphalt overlay or based on three
phased suggestions through FWD results and the visual
inspections of the asphalt overlay. This study uses three
specific terms (Suggestion, Phased suggestions, and Final
suggestion) for indicating different suggestions in
different steps of the algorithm. The ‘‘suggestion’’ indi-
cates suggestion made by the visual inspection of the
asphalt overlay only. The ‘‘phased suggestions’’ are
suggestions made by the deflection, the LTE, and the
Mr values of FWD testing which indicates the condition
of concrete pavement. The ‘‘final suggestion’’ is sugges-
tion made by either the ‘‘suggestion’’ or by both ‘‘sug-
gestion’’ and ‘‘phased suggestions’’ depending on the field
engineer’s decision.

When the four algorithms are processed, the decision-
making procedure estimate structural condition of the
concrete pavement based on algorithm 2, 3, and 4.
Afterwards, the procedure suggests a final decision
depending on the level of asphalt crack severity, which is
estimated in the 1st algorithm. Even when the process
estimates the structural condition of the concrete
pavement correctly, it is still not easy to judge crack

treatments simply as either full-depth or partial-depth
patching. In such situation, the decision-making proce-
dure provides a ‘‘considerable suggestion’’ with the each
final suggestion.

There are four different final suggestions that this
procedure is able to provide. First, it offers the ‘‘do
nothing’’ option to allow users to consider more treat-
ment options based on their own experiences. Second, it
suggests the partial-depth patching with a considerable
full-depth patching. It would be a challenge to make the
final decision when the decision-makers receive a ‘‘con-
siderable’’ suggestion due to the uncertainty of the
concrete pavement condition. In this case, the decision-
makers may wish to conduct coring tests on the reflec-
tive crack and compare it with the primary sample data
in the database. Third, the final decision can be the full-
depth patching with a considerable partial-depth patch-
ing, when the asphalt crack is either moderate severity
with bad structural condition of concrete pavement or
high severity with good structural concrete crack con-
dition. In this case also, the decision-making tool would
highly recommend conducting core testing on the ref-
lective cracks to determine the final decision. Lastly, the
final decision can be the full-depth patching with no
considerable options. In this case, the crack probably
showed high severity of asphalt cracks with bad
structural condition of concrete pavement. Even though

Figure 5.3 Phases of the decision-making procedure.
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Figure 5.4 Flowchart of decision-making processes.
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the final decision obviously suggested the full-depth
patching, this study still informs that taking several cores
on the cracks would be helpful in making precise
decision with less errors. Figure 5.6 shows the decision
tree process that explains how this decision-making tool
suggests four different final suggestions.

Note that the type of treatment for composite
pavements cannot be easily determined based on only
one of the four criteria (visual inspection, deflection,
LTE, and Mr). For example, the results of the FWD
testing can be satisfactory, but visual inspection of the
asphalt overlay may produce poor results. Even FWD
testing results can disagree with each other. Therefore,
the decision-making procedure recommends conducting
FWD testing in order to get the final suggestion by
fully utilizing this decision-making tool, and thereafter
conduct additional core testing to compare the condi-
tions of the pavement in greater detail. Furthermore, the
decision-makers should carefully understand the con-
cept of this decision making tool. The primary concept
of this study is to use concrete pavement condition
information, which is collected by FWD test, as a part
of current decision making process, which is done only
by asphalt crack visual inspection, to increase prob-
ability of making correct crack treatment decision.

To estimate accuracy of this proposed process based on
conditions of concrete cracks underneath, this research
compared two different scenarios. First scenario is when
field engineers make decisions without this proposed
decision-making tool. According to INDOT pavement
and field engineers, they normally decide to ‘‘do nothing’’
for low severity of asphalt cracks, ‘‘partial-depth patch-
ing’’ for moderate or high severity, and ‘‘full-depth
patching’’ for high severe reflective cracks. The other
scenario is when field engineers make decisions using the
tool. As mentioned earlier, there are four possible
decision-options that can come out when using the tool.

To compare these two scenarios, this study used
60 sample data from I-69 in Fort Wayne, and defined

assumptions for treatment methods of concrete cracks
underneath. The assumptions are shown below:

N Concrete crack of low severity needs either ‘‘do nothing’’

or ‘‘partial-depth patching’’ option

N Concrete crack of moderate severity needs either ‘‘partial-

depth patching with considered full-depth’’ or ‘‘full-depth

patching with considered partial-depth’’ option

N Concrete crack of high severity needs either ‘‘full-depth

patching with considered partial-depth’’ or just ‘‘full-depth

patching’’ option

Decision tree for the first scenario is shown in
Figure 5.5, and for the second scenario in Figure 5.6.

Overall, the second scenario which employs the pro-
posed tool showed better accuracy of making correct
estimation of concrete crack condition. The first scenario
showed 63.33% correct decision and the second scenario
showed 79.83% correct decision. Therefore, when deci-
sion-makers use the tool, they will have 16.50% higher
chances to make correct estimation of condition of
concrete cracks underneath.

5.4.1 Decision-Making with Visual Inspections

This sub-section describes the details of the data-sorting
algorithm using visual inspection of asphalt overlay. The
algorithm produces a reflective crack treatment based on
the severity level of the crack. Visual inspection of the
asphalt overlay does not provide many options for making
a decision apart from the three levels of crack severity.
According to INDOT pavement engineers, a current
procedure of selecting treatment is doing nothing when
the severity of asphalt pavement is low. For the moderate-
severity asphalt cracks, partial-depth patching is commonly
selected, and full-depth patching might be selected for the
high-severity asphalt cracks. Therefore, the first algorithm
similarly suggests the crack treatments that are currently
and commonly used by INDOT pavement engineers. It is
important to note that this procedure does not have

Figure 5.5 Decision tree for the first scenario (only three options).
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corresponding statistical and engineered evidences; how-
ever, it has significant meaning in practical point of view.
The first algorithm is shown in Figure 5.7.

The algorithm recommends conducting FWD testing on
the crack in order to receive further suggestions after offer-
ing a suggestion based on only visual inspection of the
asphalt overlay. The algorithm makes this additional reco-
mmendation because the visual inspection only is based on
inaccurate and rough values and also can be subjective.

The next step of the first algorithm is to estimate the
proportions for the decision-making procedure, which
are based on each severity level of concrete pavement.
These statistical results also can assist the user with
making a final decision.

The accuracy of the visual inspection and the advantages
and disadvantages of using a visual inspection only should

be considered when making a treatment decision. One of
the advantages of using visual inspection is that it reduces
the processing time to make a decision because it is
intuitive and simple. However, the subjective nature of
visual inspection has its disadvantages too because it does
not consider the many input parameters such as tempera-
ture, condition, and traffic volume. Therefore, it is highly
recommended that treatment decisions should be made not
only based on visual inspection but FWD testing and core
testing as well.

5.4.2 Decision-Making with Deflection Values

This sub-section describes the details of the data
sorting algorithm using the deflection values from FWD
testing. The deflection value is one of the most important

Figure 5.7 Data sorting algorithm based on visual inspection of the asphalt overlay.

Figure 5.6 Decision tree process of the final suggestions (second scenario).
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FWD results and is very intuitive for field engineers and
pavement engineers. Deflection 1 and 3 values are the
most commonly used and are often called D1 and D3.
This algorithm employs only D1 values to avoid a
redundancy process. The decision-making tool uses LTE
values, which are calculated as the ratio between the D1
and D3 values in the third phase of the procedure.

This algorithm employs the types of testing as well as
the deflection values of composite pavements. Treatment
decisions should be different based not only on deflection
values but also the road type, because the allowable
pavement deflection values are highly related with the
type of road. This algorithm uses 8 mils for interstate
highways, 10 mils for U.S. highways, and 12 mils for state
roads as the thresholds for indicating structural condition
of the concrete pavement (Noureldin, Zhu, Li, & Harris,
2003). This algorithm indicates a statement either of
‘‘BAD’’ or ‘‘GOOD’’ as the structural condition, instead of
directly providing a reflective crack treatment. The
algorithm is shown in Figure 5.8.

This algorithm first states ‘‘GOOD’’ structural
condition if the D1 is less than or equals to 8 mils. If
the D1 is observed on an interstate highway and is
larger than 8 mils, a statement of ‘‘BAD’’ is indicated.
In a similar way, the algorithm will show a statement of
‘‘BAD’’ if the D1 is on a U.S. highway and is larger
than 10 mils. Finally, the algorithm will indicate a
‘‘GOOD’’ statement for a crack if the D1 is observed on
another road type and is less than or equal to 12 mils.
Otherwise, the algorithm suggests a ‘‘BAD’’ statement.

5.4.3 Decision-Making with Load Transfer Efficiency
(LTE) Values

This sub-section describes the data sorting algorithm
using the LTE values from FWD testing. As mentioned
in the previous section, the LTE value is one of the most
broadly used testing results to identify the structural
condition of rigid pavements. This algorithm considers

not only the LTE values, but also the thickness of the
asphalt overlay and the pumping issues of the concrete
underneath. Figure 5.9 shows this algorithm.

The algorithm first requests the concrete pavement
type. If the type is JRCP, then the user can proceed to
the next step, which compares the LTE values. However,
if the type is JPCP, then the algorithm asks whether the
joints have pumping issues. This study considered the
crack treatments of JPCP to be the same as JRCP as
long as the JPCP had no pumping issues. If there are
pumping issues, the algorithm would promptly indicates
a ‘‘BAD’’ statement for the structural condition without
further comparing LTE values. If the concrete pavement
has a LTE value larger than 70% of the LTE values, the
algorithm judges the concrete pavement as being in a
condition that is good enough to support the asphalt
overlay. However, if the LTE values are less than 70%,
the thickness of the asphalt overlay is requested from the
user. If the LTE value is greater than 50% with less than
six inches of asphalt overlay, the algorithm indicates the
structural condition with a ‘‘GOOD’’ statement. Other-
wise, the algorithm indicates a ‘‘BAD’’ statement.

5.4.4 Decision-Making with Resilient Modulus
(Mr) Values

This sub-section describes the data sorting algorithm
procedure using the Mr values obtained from FWD
testing. The Mr value is a measure of subgrade material
stiffness and is estimated by its modulus of elasticity. This
algorithm considers the mean value of Mr in the database.
The basic process is as follows. When the user is searching
for a specific Mr value, the algorithm sorts the matching
data based on the severity level of the concrete and calcu-
lates the mean value of the Mr from the sorted data. This
sorting process increases the reliability of the suggestions
based on the Mr values. Figure 5.10 shows this algorithm.

The algorithm simply indicates either ‘‘GOOD’’ or
‘‘BAD’’ statements by comparing its MR value to the

Figure 5.8 Algorithm to make a suggestion based on deflection values.
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mean value of the database. Even though Mr is a very
important value for determining the structural condition of
pavements, field engineers should keep in mind that Mr
values do not show any structural characteristics of the
pavement in this procedure. The threshold for crack
treatment is the statistical mean of the data points from
the database, which means that in order to obtain more
reliable Mr values, the number of data points is very critical.

Since there were only two sample data points (one from
northern Indiana and the other from southern Indiana), it
was difficult to consider various parameters such as tem-
perature, traffic volume, and age of pavements. Therefore,
using the Mr values, which were statistically estimated
from the sample data points as the threshold values for

various treatments, has its own range of errors. However,
as the number of data points increases over time in the
database, it is possible that the Mr values will be better
estimated within a smaller range of errors.

5.5 Computer Application for Decision-
Making Procedure

This section describes the development process of the
computer application based on the algorithm explained
in the previous section and how field engineers can
employ the application in an application manual
format. VB.NET and Visual Studio Community 2013
were employed for developing this application on a

Figure 5.10 Algorithm to make a suggestion based on Mr values.

Figure 5.9 Algorithm to make a suggestion based on LTE values.
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desktop PC with Windows 7 Ultimate, 64-bit, Intel
Core i3-3130M CPU @ 2.60GHz, and 6 GB memory.

The main screen of this application, shown in
Figure 5.11, is divided into two sections, menu bar and
view screen. Using the functions from the menu bar, which
is located on the left side of the application’s main screen,
users can access general information about this applica-
tion, choose different search methods, receive suggestions
for the decision-making process, add new data, and access
contact information. Within each function from the menu
bar, contains additional functions to help users conduct
activities such as searching, adding, editing, deleting, and
printing of matching or existing data. The view screen, on
the other hand, shows the results of all functions from the

menu bar, which is extracted from the application’s data-
base.

The ‘‘General Information’’ function in the menu bar
provides users with the basic knowledge needed when
using the application. From this function, users can
view the project report and user’s manual, which will be
shown on the view screen.

5.5.1 Searching Specific Data from the Database

One of the main purposes of this application is to
increase field engineer’s accessibility to the sample data
that was gathered in this study and to improve the
analysis process by providing better visualization tools to

Figure 5.11 Computer application view screen.

Figure 5.12 General search function of the application.
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compare sample data crack and a crack needing
treatment. There are two types of search functions in this
application, ‘‘General Search’’ and ‘‘Advanced Search.’’

The ‘‘General Search’’ function, as shown in Figure 5.12,
conducts the search based on four input criteria: the road
type, asphalt crack severity, asphalt crack extent, and
traffic volume. The data needed for the input criteria can
be gathered by conducting a visual inspection of a crack for
searching and comparison in the database before conduct-
ing FWD or core testing.

On the other hand, as shown in Figure 5.13, ‘‘Advanced
Search’’ uses eight input criteria: age of the asphalt,
thickness of the asphalt, in-situ CBR, D1, LTE, remaining
Remaining ESALs, dynamic value, and MR. Since the
data for these eight criteria can only be gathered from
FWD testing, it must be performed on each crack. Further-
more, the locations for geophones must be carefully chosen
for more precise D1 and LTE values. Detailed explanation
of the D1 and LTE values obtained from FWD testing can
be found in chapter 3.

Figure 5.13 Advanced search function of the application.

Figure 5.14 List of matching data using advanced search function in the view screen.
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However, users are not required to enter in all eight
criteria to receive a list of matching data. As shown in the
Figure 5.14, a list of matching data shows data values and
visual inspection image of an asphalt or concrete crack.

After receiving a list of matching data from the
database using either the ‘‘General Search’’ or ‘‘Advanced
Search’’ function, several more functions become avail-
able to users. As shown in Figure 5.15, by simply clicking
on a desired crack, users can view more detailed crack

information, such as FWD test results and pictures of
exposed concrete crack and core. In addition, these
photos are available from various angles for the
convenience of the users and are also available at a high
resolution enough to enlarge them without diminishing its
quality. From this pop-up window, users are able to
modify not only FWD test results but also save other
pictures. However, the application does not allow users to
modify crack ID and crack location. The users are also

Figure 5.15 Pop-up window for detailed crack information.

Figure 5.16 Decision-making tool function.
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able to delete the entire information of cracks including
pictures upon user’s request. Furthermore, the users can
print entire information of a crack in the documentation
format similar to Appendix C of the final report including
high resolutions pictures.

5.5.2 Decision-Making Using This Application

As shown in Figure 5.16, the ‘‘Decision-Making
Tool’’ function prompts the user to enter inputs into
four different decision phases. Based on the results
from each phase, a final suggestion gets made: primary
suggestion and a considerable suggestion. However, as
shown in Table 5.1, inputs for deflection, load transfer
efficiency and resilient modulus have value ranges, and
when a data is entered out of its range, the application
will not show any results.

Although the application does provide suggestions,
users should gather additional information (e.g., core

testing and joint milling) on several other sample cracks
in order to increase the reliability of the suggestions.

5.5.3 Updating the Database

To add new data points, the four steps of the field
evaluation procedure should be followed: visual inspec-
tion of the asphalt overlay, FWD test, coring test and
visual inspection of the exposed concrete.

To add a new data point, information, such as crack
ID, district name, types of roads, numbers of roads,
directions of roads, types of lanes, severity and extent
levels of asphalt cracks must be generated by the users
and other reflective crack data, such as FWD testing
results and coring photos, are optional information that
can be added to the data later on. However, this optional
information contains values that are very helpful for
future decision-making process. The pop up-window to
generate new data points is shown in the Figure 5.17.

Once the user clicks ‘‘Add,’’ the new data point gets
held in a queue awaiting the approval of the database
administrator. The new data points will not appear in
the database until it is approved.

5.6 Conclusions

This chapter described the database and entity
relationship diagram employed for the reflective crack
treatment decision-making tool, and the procedure,
algorithm, and computer application are explained in
the following sub-sections.

N A total of 130 sample data points are stored in the database,
which contain general information about the pavements
(lane widths, traffic volumes, ages of the asphalt and

TABLE 5.1
Possible Inputs for the Decision-Making Function and Range for
its Data.

Types of

Variables Minimum Maximum

Types of road Selectable

Severity Selectable

Extent Selectable

Deflection (mils) User input 0 20

Type of pavement Selectable

Pumping issues Selectable

Load transfer efficiency (%) User input 0 100

Resilient modulus (psi) User input 0 40,000

Figure 5.17 The pop-up window for generating new data points.
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concrete pavements, pavement thicknesses, and shoulder
types); visual inspection results (crack severity and extent
levels) of the asphalt overlay and the exposed concrete;
FWD testing results (in situ CBR, structural number,
dynamic values, LTE, remaining ESALs, and Mr); and
photos of the coring and the reflective cracks in the asphalt
and the exposed concrete layers.

N The decision-making tool determines four different
treatment suggestions based on four criteria; (1) severity
level of the asphalt and concrete crack from the visual
inspection, (2) D1 value, (3) LTE values and (4) Mr
values from the FWD testing.

N The first algorithm, which makes the initial suggestion for a
specific crack based only on the severity level of the asphalt
crack, suggests ‘‘Do nothing (do as it planned)’’ if the asphalt
crack severity is low. In other cases, either of ‘‘Partial-depth
patching’’ for a moderate-severity crack or ‘‘Full-depth
patching’’ for a high-severity crack is suggested. Also, based
on the asphalt crack severity level, this algorithm determines
a percentage of occurrences for different types of concrete
cracks below the asphalt layer. In other words, when a user
conducts a search based on the concrete crack severity level,
this algorithm searches the database and shows the result in
estimated percentages of its occurrence in low, moderate,
and high-severity level concrete.

N The second algorithm uses the types of road tested and
the deflection values of the composite pavements to make
a second suggestion. Based on the road type, the
thresholds of 8 mils, 10 mils, and 12 mils are used to
make two different suggestions. These values are broadly
used by INDOT for selecting crack treatments.

N The third algorithm uses the pavement type, the LTE,
and the asphalt thickness as threshold values to make a
third suggestion. LTE is one of the values that can infer
the structural condition of pavements to support traffic
volumes and weights.

N In the fourth algorithm, the Mr value is used as a
threshold value and the estimated mean value within the
database is used for the decision-making process.

N This study found that when field engineers make
decisions with only visual inspection of asphalt overlay,
63.33% of decisions were appropriate. However, when
the engineers make decisions by fully employing this
decision-making tool, the results of treatment selections
can be corrected up to 79.83% (16..50% increased)
depending on concrete crack treatment types.

N Both the main deliverables (computer application and
pocket book) contains the user’s manual written within
the deliverables while the computer application provides
photos with much higher resolution and detailed sample
crack information and also enables the user to edit
existing or add new data to the database.

N The pocket book (Appendix D) contains important
information, photos, and the exposed concrete condition
of sample data points for the benefit of field engineers.

6. CONCLUSION

6.1 Summary

Composite pavements are vulnerable to the same
pavement distresses inherent to the material characteristics
of asphalt and concrete. Reflective cracks are the most
common distress for composite pavements and contribute
to a rough and noisy ride and premature failure of the

surface material at or near the joints. Therefore, effectively
controlling reflective cracks in composite pavements is a
very important concern for INDOT.

INDOT generally relies on visual inspection of the
asphalt overlay by field engineers to decide treatment
methods for reflective cracks. However, it is difficult to
determine the condition of the concrete joints by looking
at the surface distresses of the asphalt overlay. Therefore,
an enhancement of INDOT’s treatment decision-making
process would be very helpful to field engineers. This
study thus had four objectives: (1) enhance identification
of the condition of the underlying concrete joints by
visual inspection of the reflective cracking on the asphalt
overlay; (2) establish a method that would enable better
treatment selection for reflective cracks in composite
pavement; (3) develop guidelines for INDOT to evaluate
reflective cracks and select treatment methods that
control reflective cracks; (4) disseminate the findings of
this study to the INDOT Districts.

The FWD results were obtained for data analysis. The
data for a total of 20 high-severity, 20 moderate-severity,
and 20 low-severity cracks in the asphalt pavement were
collected from I-69 in Fort Wayne, Indiana; and based on
the collected data, 55% of the asphalt cracks were identified
as located over joints compared to 45% of the cracks over
mid-panel distresses in concrete pavement. This study
found, depending on the level of crack severity, that high-
severity cracks tended to be located over mid-panel
distresses and low-severity cracks were located more over
concrete joints (0% of low-severity, 65% of moderate-
severity, and 70% of high-severity cracks were located over
mid-panel distresses). Furthermore, low-severity asphalt
cracks were observed more over low-severity concrete
distresses, and high-severity asphalt cracks tended to be
identified over high-severity concrete distresses (75% of
low-severity asphalt cracks were located over low-severity
concrete distresses, and 85% of high-severity asphalt cracks
were located over high-severity concrete cracks).

The objective of the decision-making tool is to assist
field engineers as they make decisions pertaining to
reflective crack treatments based on the analyzed data
mentioned above. The decision-making tool is comprised
of four phases of data input, and each phase provides one
suggestion. In the first phase, suggestion is made based on
visual inspection of asphalt overlay. During the second,
third, and forth phased, three phased suggestions are made.
These three phased suggestions are based on the D1, LTE,
and Mr values respectively. The decision-making procedure
then provides a final suggestion based on these suggestions.

The suggested procedure showed 79.83% accuracy in
estimating the condition of concrete cracks. This num-
ber is increased by 16.50%, when compared current
decision-making procedure to assumptions of concrete
crack treatment types.

In conjunction with the decision-making tool, this study
developed a database to organize the collected data and a
computer application to increase the accessibility of field
engineers to the sample data and to improve the analysis
process by providing better visualization tools to compare
the crack needing treatment to the sample data. From this
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application, engineers can not only search a specific
sample data with input criteria such as asphalt crack
severity and FWD results, but also can receive a final
suggestion based on the decision-making tool.

Furthermore, a pocket book was also developed to
help INDOT district field engineers who are responsible
for preliminary treatment decisions for reflective cracks
in composite pavements. This book contains a brief
description of this study and a description of the
application of the project deliverable in the introduc-
tion sections and the field evaluation results of the
sample reflective cracks, which are classified into three
sections in this book based on the four different steps of
sample data collection. At the end of this book, an
index of the sample cracks is provided that will help
users find matching crack data quickly.

6.2 Recommendations

The objectives of this study were (1) to enhance identi-
fication of the condition of underlying concrete joints by
visual inspection of reflective cracks in the asphalt overlay
by establishing a method to better select the proper treat-
ment for a reflective crack in a composite pavement and
(2) to develop guidelines for INDOT to select candidates
and treatment methods for reflective cracking. Several
recommendations for implementing this study are as follows:

N It is recommended that field engineers perform the four
field evaluation steps described in detail in earlier
chapters before making any final decisions and to use
the decision-making tool that was developed by this
study. Field engineers can determine the condition of
pavement cracks in more detail during the field evalua-
tion, and the data obtained for each crack can also be
added to the database to expand the data available in the
application to thereby enhance its value in providing
more informed and reliable decisions in the future.

N In order to obtain more sample data, the first step is to
conduct a visual inspection, which will be performed by
field engineers. In this case, field engineers will be using
PCR to judge the severity level, which can be very sub-
jective. Therefore, it is recommended that the engineer
performing the visual inspection of asphalt cracks should
be well acquainted with PCR.

N In order to calculate accurate LTE values, the FWD
testing equipment must be located precisely over the
reflective crack in order to provide a reliable LTE value
for the structural condition of a reflective crack.
Therefore, the FWD equipment operator’s skills are
very critical to obtaining precise values. Therefore, it is
recommended that FWD operators fully understand the
purpose and process of FWD testing.

N Coring is a very useful step in assessing the condition of
cracks in the exposed concrete without milling the
surface asphalt overlay when it is performed in the
correct locations. Therefore, it is recommended that the
coring machine operator perform the coring precisely at
the concrete joint or mid-panel before milling the surface
asphalt overlay.

N After the surface asphalt is milled, it is recommended
that the field engineer perform a visual inspection of the
severity level of the concrete crack at the joint or mid-
panel. Similar to the visual inspection of the asphalt

overlay recommendation, field engineers must be well
informed about the PCR of concrete cracks before
performing this visual inspection.

N This study is not providing standardized results based on
the variables that were used for the research and
therefore does not guarantee the reflective crack treat-
ment selections. Furthermore, selected variables were
used in this study to analyze the correlations between the
severity levels of asphalt cracks and those of concrete
cracks. For more accurate analysis, more variables
should be analyzed quantitatively and qualitatively.

N During the data collection process, it came to the
attention of our research team that conflicting opinions
exist among contractors as to their preferences between
full-depth and partial-depth patching. Further research
could address the effectiveness after either partial-depth
or full-depth patching on reflective cracks.

N Uncertainties remain as far as solely relying on the
reflective crack treatments in this study. Therefore, when
there are additional resources, time, and costs that can be
invested, it is recommended that field engineers also
perform non-destructive testing, such as Rolling Dynamic
Deflectometer (RDD) and Ground Penetrating Radar
(GPR), to obtain additional condition data to inform
their reflective crack treatment decisions.

6.3 Limitations

N Sample data were collected from southern Indiana and
northern Indiana based on the available construction
schedules and the scopes of the projects. Therefore, since
the sample data in the database were not randomly collected,
there are limitations to be considered in various circum-
stances. Furthermore, some criteria, such as temperature and
traffic volume, were ignored for the decision-making tool
due to its variability.

N This study selected two sample data points, an interstate
highway and a U.S. highway. All of the interstate highway
sample data were collected and analyzed; however, due to the
construction project schedule, the U.S. highway sample data
have yet to be completely collected and analyzed. Therefore,
this study was unable to fully utilize the U.S. highway data.

N Data from other road types, such as state roads and county
roads, were not collected and analyzed in this study.
Therefore, field engineers will not be able to consider
reflective crack treatments for these road types until further
data collection from these road types is performed.

N To obtain one complete sample data set, the four field
evaluation steps must be performed in advance in order
to use the data in the decision-making process. These
steps require extended amounts of time, effort, and cost.
This study collected 130 sample data points (60 from
northern Indiana and 70 from southern Indiana), but it
may not be adequate to generally represent composite
pavement cracks in the state of Indiana.

N There are three major types of concrete pavement (CRCP,
JRCP, and JPCP). While the scope of this study was only
for JPCP, JRCP was later included but CRCP was not.
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CRACK INFORMATION Crack ID 63VCUS41M2NBRL Thickness Overlay (in) 7 

Exposed concrete  Width of Road (in) 12 Thickness Concrete (in) 7 
Coordinate Lat N 38 08 593 Shoulder Type Asphalt Age Asphalt (surface) 23 
Coordinate Lon W 87 33 046 Severity M Age Asphalt (intermediate) 39 
Traffic Volume 23152(AADT) Extent 2 Age Concrete 61 

 

FWD (MIDDLE PATH) Reference Post  Modulus of Resilience (psi) 6,607 
RemESALs 40,000,000 Dynamic Value 289 In Situ Structure Number 6.69 
In Situ CBR 4.4 Load Transfer Efficiency 85   

 

FWD (WHEEL PATH) Reference Post  Modulus of Resilience (psi) 6,690 
RemESALs 30,043.995 Dynamic Value 261 In Situ Structure Number 6.01 
In Situ CBR 4.46 Load Transfer Efficiency 95   

 
 

1. Visual Picture (Picture File Number: 63VCUS41V1, 63VCUS41V2, 63VCUS41V3) 
 
 
 
 
 
 
 
 
 
 
 
 
2. Coring Picture (Picture File Number: 63VCUS41C1, 63VCUS41C2  ) 
 
 
 
 
 
 
 
 
 
 
 
 
3. Exposed Concrete Picture (Picture File Number: ) 
 
 
 
 
 
 
 
 
 
 
 
 



 
CRACK INFORMATION Crack ID 64VCUS41H2NBRL Thickness Overlay (in) 7 

Exposed concrete  Width of Road (in) 12 Thickness Concrete (in) 7 
Coordinate Lat N 38 08 595 Shoulder Type Asphalt Age Asphalt (surface) 23 
Coordinate Lon W 87 33 046 Severity H Age Asphalt (intermediate) 39 
Traffic Volume 23152(AADT) Extent 2 Age Concrete 61 

 

FWD (MIDDLE PATH) Reference Post  Modulus of Resilience (psi) 7,537 
RemESALs 40,000,000 Dynamic Value 400.2 In Situ Structure Number 6.98 
In Situ CBR 5.02 Load Transfer Efficiency 80   

 

FWD (WHEEL PATH) Reference Post  Modulus of Resilience (psi) 7,327 
RemESALs 40,000,000 Dynamic Value 300.6 In Situ Structure Number 6.14 
In Situ CBR 4.88 Load Transfer Efficiency 83   

 
 

1. Visual Picture (Picture File Number: 64VCUS41V1, 64VCUS41V2, 64VCUS41V3) 
 
 
 
 
 
 
 
 
 
 
 
 
2. Coring Picture (Picture File Number: 64VCUS41C1, 64VCUS41C2) 
 
 
 
 
 
 
 
 
 
 
 
 
3. Exposed Concrete Picture (Picture File Number: ) 
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